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ABSTRACT 


Several analytical applications of the spin-echo 
Fourier transform nuclear magnetic resonance (NMR) 
experiment are investigated in this work. The spin-echo 


pulse sequence: 


0) 80 I) Acqua’ vO 


employs two pulses, 90° and 180°, and two equal delay 
periods, t}," following which a free induction decay (FID) 
Poe cobrectedmin dagqrealsitormn..- lhe: bib Wsuhourlter 
transformed to generate a frequency domain spectrum. The 
resonances in spin-echo spectra are subject to several 
phenomene, during the t delays.” “Resonances for multiplets 
undergo phase modulation effects caused by spin-spin 
coupling to other nuclei. All resonances in’ spin-echo 
Spectra decay due to spin-spin (Tj) relaxation during the 
delay periods. 

The phase modulation of multiplets has been utilized 
to devise methods for simplifying and assigning 13c NMR 
spectra. With these methods, resonances can be assigned 
to carbon types (C, CH, CH5 or ‘CH3)) and subspectra 
containing only resonances: from <C and) CH>, on CH and) CH> 


carbons can be generated. Also, two means of measuring 
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one-bond 13c-1ly coupling constants are developed. All the 
methods are based on the intensity modulation of ly 
decoupled, 136 Singlets which result from broadband ly 
Gqecoup ling ;during vacquisition. 

The effects of T5 relaxation acting on the various 
nuclei in a sample to different extents give rise to 
differential Tj relaxation. This can be used to provide 
resolution enhancement in spin-echo NMR spectra. To 
characterize this application, the T> relaxation times for 
the protons of a number of varying molecular weight 
compounds are meaSured uSing the spin-echo technique. 
Using the demonstrated differential Tz relaxation 
behavior, it is possible to eliminate the resonances for 
the larger molecules in spin-echo spectra. This is used 
to monitor the purity of protein solutions with respect to 
small molecules. 

Methods of quantitating compounds in complex samples 
from the intensities of their resonances in spin-echo 
spectra are developed. The occurrence of differential T, 
relaxation makes simple relative intensity comparisons 
invalid. The application of two general methods; i) 
standard addition experiments, and ii) the use of 
proportionality constants to calculate comparable 
resonance intensities, is demonstrated for samples of 


human erythrocytes. A more specific measurement technique 
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is developed for measuring glutathione (GSH) levels in 
intact red blood cells based on the reaction of GSH wit 
t-butylhydroperoxide catalyzed by the enzyme GSH- 
peroxidase. The titration of the GSH is followed by 
noting the intensity changes in successive spin-echo 
spectra. 

The applications described show the versatility of 
the spin-echo NMR experiment for the measurement of 
qualitative and quantitative analytical data. In some 
cases, the information obtained is difficult or impossible 
to obtain by other means. In others, the results are 
obtained in a noninvasive and nondestructive manner on 


intact cellular systems. 
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solid curves were calculated using the a 
values in Table 8. (A), Bon and (Cj) 
represent the two equivalent methylene 
protons of each glycine residue from the N- 
terminal to the C-terminal end of the 
molecule. The resonances giving rise to (A) 
and (C) were coincident in the NMR spectra... 
Plots of Intensity versus t5 delay time, 
MNermalizedpPto, one aly ali5 delay of ~zero, for 
the methylene protons of tetraglycine. The 
Sola d@eurnvesmwere "ealcularcd@usingmtnem.D 
values in’ Table 8. (AD cia a Bi) oO aarCCe) oe anda.) + 
represent the two equivalent methylene 
PrOotonsmoLyecacha glycine residues rome the N- 


terminal to the C-terminal end of the 


molecule eoeee#eee®# BO) (0) 0 (O76: 6 (Se) 8. 68 (6: 50 e9 eoee3eueeeee#keeres#ee#eee#e#eegeee 


Plots of intensity versus tj delay time, 
NetMealiZedmeto one satwarm ade layeorszeno,, for 
the methylene protons of pentaglycine. The 
solid curves were calculated using the T5 
values in Table 8. (A)o, (B)o, (C)4, (D)+ 
and (E)Y represent the two equivalent 
methylene protons of each glycine residue 


from the N-terminal to the C-terminal end of 
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Plots "of intensity versus 15 delay time, 
normalized to one at a ty delay of zero, for 
the methylene protons of hexaglycine. The 
solid curves were calculated using the T5 
Values melas le t3. eA )isje (Sian Cian CD) ar, 
(E)Y and (F)X represent the two equivalent 
methylene protons of each glycine residue 


fromathe iN=Eerminal to the Clsterminal’ end of 
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Plots Folechemical shitt versus pH* for the 
methylene protens of mdigiycine. “(A)ias for 
the methylene protons nearest the terminal 
amino end of the molecule. (B) is for the 


methylene protons nearest the terminal 
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Plots of chemical shift versus pH* for the 
methylene protons of triglycine. (A) to (C) 
represent the two equivalent methylene 
protons Or weach glycine Tesidue trom the N- 


terminal to the C-terminal end of the 
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Plots of chemical shift versus pH* for the 
methy vene sprotons of tetraglycine. | (A) to 
(D) represent the two equivalent methylene 


protons of each glycine residue from the N- 
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Plotssof chemical shift versus pH* for the 


methylene protons of pentaglycine. (A) to 


(E) represent the two equivalent methylene 


protons of each glycine residue from the N- 


terminal to the C-terminal end of the 
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Plots of chemicalshift versus pH* for the 


methylene protons of 


hexaglycine. (A) to (F) 


represent the two equivalent methylene 


protons of each glycine residue from the N- 


terminal to the C-terminal end of the 
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A plot of intensity versus tj delay time, 
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49. Plots*ofvintensity versus) 15 delay time, 

normalized to one at a ty delay of zero, for 

the imidazole protons on carbon 2 of the 

Nes eidine@resi ducs Imeposttwonsmo rand. 9 or 

angiotensin I. The solid curves were 

calculated using the i> values wine Table 10%, 

Cunves! wSetor the histidinesinseposition <6 

apdecunve rs foOnetivat lin epost 1 One > cu eeeeriteoness 152 
50. Pilots ofeintensitysversusm1> delay -eime; 

normalized to one at a T5 delay of zero, for 

several chemical shifts in the spectrum of 

trypSin inhibitor. The solid curves were 

calculated using the Ty values in Table 10. 

Gunmvyes® li 20,5 C4 and 44+ care LOG sd .0G4,5 16005 

Oo. Olmandels64 ppm, snespechively. oct. scree ce) oi 55 
a1) BloEuss of intensity eversus®t5 delay cime, 

normalized to one at a tz delay of zero, for 

several chemical shifts in the spectrum of 

lysozyme. The solid curves were calculated 

using gtheel5 values in) Tables 10. iCurves ala, 

20,7 34,7 4+ and 5Y are for 1/.21,7°6.98,7 "4.28, 

30. b2 sand 1504 ppm; “respectively «<< sistsiccts wine 154 
52, Plots softintensity versuse 15, delay time, 

notnalized tosone wat gagitocdelay vol ezero, LOL 
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FIGURE PAGE 
bovine serum albumin. The solid curves were 
calculated using the T> values? in Tables lo. 
CUBVesmLn j w20,, 3Aeand =4t¥are. tore 6.79;..4.03- 

POI Pand e098) ppmyarre spective lyme tele ele are wer «e's jheds, 

332 PlotsTol@intensity versusi1, "delay slime, 
normalized to one at a 15 delay of zero, for 
several chemical shifts in the spectrum of 
hemoglobin. The solid curves were calculated 
lusing!ther?S values in’ Table 20."i Curves iti, 

2@ and 34 are for the non-histidine region at 
ae107el. L6eand) 02 76 *ppm, > respectively 

Curves 4+, 5Y and 6X are for the histidine 
EcGHonsatesc<01 7 07.73" ande6. IUMppm, 

Me SUS CULV CU Viole betes. 6. e lene tele wl ciel s aleMeteleiele «le! s sie 6. 6 6610's 156 

54. A plot of the average Ty relaxation times for 
each of the compounds discussed in Figures 36 
to 41 and Figures 48 to 53 versus their 
molecular weights. ~The straight line results 
Erompa Winear least-squares ey£it tor the 
points, excluding glycine. (uppern leit). and 
hastaecorre lation coefEicient tom -0 = 98535 ...... 160 

55. Wher catculated@ intensity versus ts behavior 
during the spin-echo experiment for several 
compounds using the average Ty values for 


each compound plotted in Figure 54. Curves 1 
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FIGURE PAGE 

tOnOuCOrnespond tor glycine, stetragilycine, 

angiotensin II, trypsin inhibitor, lysozyme 

andenhemog obi, LeSpe Ctl Ve lysmtateie r+ wictsis ss feles + 5's ea: 
596. The single-pulse spectrum (A) and spin-echo 

spectra measured at various tT) delay times (B 

Lou Dior sar2 mM solution Of both 

tetragly. came andl ysSOzy Mel -craie crs ercbenere +. revels esses 163 
Di. se ingle=pullsemspectra Of =a solution ory 020030") 

bovine serum albumin (A) before dialysis and 

(Boe aiver) Sedialysceswagainst™ saline sD Ot... ss 166 
23. Spim-echo spectra (17> = 0206esecond) Pot <a 

Ssoluczonwor 0.0039M bovine= serummalbumin  atter 

successive dialyses against saline Dj70......... 167 
59. Spin-echo spectra (t»> = 0.06 second) of 

successive dialysis media against which a 0.003 M 

solution of bovine serum albumin was dialyzed.. 168 
60. Single-pulse spectra (t 9 = 0.06 second) of a 

solution of hemolyzed red blood cells (A) 

beforerdialysis and (8) atter 5>dialyses 

AGAINSt Saline DyO. ce eeeer eevee eeeecerereecees yz 
61. Spin-echo spectra (Tj = 0.06 second) of a 

solution of hemolyzed red blood cells after 

successive dialyses against saline D20...-e+ee-- uRTES: 
G2. Spin-echouspectral(1> = "0. 06second) of 


successive dialysis media against which a 
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FIGURE PAGE 

solution of hemolyzed red blood cells was 

AU ZS ever ceva te eens soe ovale tate tarateteMereterateeretsvcvslehate asters BS) 
63. A portion of the spin-echo spectra Grow 0.06 

second) of hemolyzed red blood cells (A) 

after 5 dialyses against saline Dj,0 and (B) 

the same sample after the addition of glycine 

LOrralses ene sCOnCentrar Om Dy sO — ln). sesine 

Glycine resonance as “located ™@at 3. 54" ppm. .... oe 176 
64. Spin-echo spectra (1> = 0.06 second) of 

intact erythrocytes after successive washings 

with twice the volume of Saline D70.--+.eeeeeeee 178 
65. soingle—-pulse Fr NMR ‘spectra collected” for a 

Single resonance with a W1/2 Of =SeHz= using =a 

spectral window of 4000 Hz at various length 

PIDs "ranging from “1k to G2K "of data points. 

Note the improvement in the definition of the 

peak shape in the longer FIDS....cccccccccccccee 187 
66.5 A single=pulse spectrum ofa D50 solution 

containing 4 mM GSH and 2 mM dimethylamine 

(DMA). The DMA resonance is located at 2.66 

ppm. The other resonances, gl to g4 and g6, 

belong to GSH. The g5 resonance of GSH is 

further downfield near the HDO peak...csceeesoee 190 
67. Plots of peak heights and peak areas for the 


gl resonance of GSH, normalized to the DMA 
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FIGURE PAGE 

resonance present as an internal standard, as 

a function of the GSH concentration. The 

solid lines represent linear least-squares 

Pe SO me Ox De mi ment a le aca t ates mesures ene se ets ee 
68. Calculated Standard addition plots for an 

experiment where compound is added to raise 

LpNe SCONncCent ration by 25¢ 60 pies dmitial value 

With cach increment until the wort val 

concentration 1S tripled. Line A is the 

linear least-squares fit of the calculated 

DeUnESss ror sthemcase Ore ne change in tic n> 

relaxation time over the course of the 

Standard addition experiment. Lines B and C 

are linear least-squares fits of the points 

Pormman 202 linear decrease sin T> and a, 20% 

Pinecmeincrease inl | recnectively from, tie 

Deg inning bo the end of thevexperiment.. ........ 19°65 
69. VA.ssingle—-pulse NMR spectrum of 

diethy succinate and 1, 4—-cdioxane in CDCI. 

The resonance at 3.75 ppm 1s due to 1, 4- 

dioxane and that at 1.59 ppm to traces of 

Water in the solution. The other resonances 

Ares gue to diethyl ciiccinate wand are Vdenirried 
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FIGURE PAGE 
(0c) sPVous 20 the results \of ea btypivcal™ standard 

addition experiment conducted on a CDC13 

solution of diethylsuccinate, the resonances 

for which are normalized to 1,4-dioxane. 

Eines A "to “Cr correspond tothe "triplet, 

quartet and singlet resonances of 

diethylsuccinate, respectively. The 

Ga Vou lated @X— Inter cep vis #50 Bis. siete ltetsie «cole 201 
7. A “spin-echo "NMR *spectrum “obtained witha 15 

delay of 0.06 second on a sample of hemolyzed 

erythrocytes. Several resonances used to 

determine the concentrations of some of the 

compounds in the sample by a standard 

addition procedure are labelled in the 

SP SCLIN sets: ctotets elles cue le cle is telers teteletsrers: 4, elec oe oie eee 610.6 209 
72. 360 MHz single-pulse spectrum of GSH (top) 

AMGUGGSG BCDOCEOM)+sterere ctele ets e steneteteta sel ol chete oiehetcne sels 259 
132 2000MHZ spin-echo NMR “spectrum (15, —"0.04 

second) of hemolyzed red blood cells which 

had been washed with saline Dj,0. Several 

compounds are identified in the spectrum. 

The resonances indicated at 2.88 and 2.91 ppm 

are due Only tO GSH. weer veeereeveeeeeeveevvece 236 
(4 series Of «spin-echo. spectra s(t5. = 7004 


second) obtained as increments of a t-BHP 
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FIGURE PAGE 
solution were added to a sample of hemolyzed 
elLyrnroey tes to titrate the Gs." Ine GSH 
resonances at 2.88 and 2.91 ppm are observed 
tordecrease with tie “additlonm Ore tbl... sree ss 238 

5. The titration curve for the” NMR titration 
shown in Figure 74. The sum of the 
intensities of the GSH resonances at 2.88 and 
2.91 ppm, normalized against the 
ergothioneine resonance at 3.25 ppm, is 
Plotted ac a funcevon of tT-BuP added. -Also 
shown are the normalized glycine and creatine 
resonances at 3.54 and 3.01 ppm, 

Ta SIS StS eons tie! crelioteletene orereretetsrekeharsistevele) sist ens aterelers 241 

76. ‘The titration curve for a sample of unwashed 
HRBC. The sum of the intensities of the GSH 
resonances at 2.88 and 2.91 ppm, normalized 
against the ergothioneine resonance at 3.25 
pom, JS plotted as a function ot t-BHP 
added. Initially, a short plateau was 
observed followed by a linearly decreasing 
EEE at Ome CURVE c sretes. sists ois cl sie elele wislele se scree else isi ers 247 

ij. Ae series Of “spin-echo spectra (t5-— 10.04 
second) obtained as increments of t-BHP 
solution were added to a sample of intact 
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FIGURE PAGE 
78. The titration curve for the NMR titration 

shown in Figure 77. The sum of the 

intensities of the GSH resonances at 2.88 and 

2.91 ppm, normalized against the 

ergothioneine resonance at 3.25 ppm, is 

plotted as a £unction of t-—BHP vadded. 

Initially, a plateau was observed followed by 

a linearly decreasing titration curve. Also 

shown are the normalized glycine and creatine 

resonances at 3.54 and 3.01 ppm, 

BESDSCUl VG Victeteys tel etevele sie Beeiote sietercishonets seks eset iclencn suey sce 290 
79. 360 MHz spin-echo NMR spectra (ty = 0.04 

second) of a sample of hemolyzed erythrocytes 

which had been dialyzed to remove small 

molecules following the titration of the GSH 

With t=—BHP. (A) is a portion of the spectrum 

showing a residual glycine resonance at 3.54 

ppm. (B) is the same sample after the 

addition of DTE to release GSH (3.76 ppm) 
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CHAPTER tL 


INTRODUCTION 


Pulsed Fourier transform (FT) methods for measuring 
high resolution nuclear magnetic resonance (NMR) spectra 
have largely displaced conventional continuous wave 
methods. In the simplest FT NMR experiment, a single 
pulse of radio frequency (RF) radiation is applied to the 
sample for a short time in order to excite sample 
nuclei. Following the pulse, the excited nuclei induce an 
electromotive force (EMF) in the receiver coil, the 
amplitude of which decays with time as the nuclei relax 
back to equilibrium. The EMF is measured as a function of 
time giving the so-called free induction decay (FID) 
which, when Fourier transformed, yields an intensity 
versus frequency spectrum. Signal averaging is possible 
bys precisely controlling? the’ timingm@ot the! RF pulse and 
Signal acquisition such that transients following 
suecessi ve, pulsess add coherently to’ increase. themsignale toe 
noiser (S/N) ratio as the square “root of the number of 
Scanewee the use of FIT NMR with signal averaging has 
greatly increased the range of practical applications of 


NMR. Typical examples include the routine measurement of 
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spectral sor 13¢ and other LSOLOpl Cally dilute nucle1. at 
the natural abundance level and the measurement of high 
resolution spectra for individual compounds in samples as 
complex as whole red blood cells. 

State-of-the-art spectrometers are not only capable 
of performing the single-pulse FT NMR experiment, but also 
have the capability for doing multiple-pulse experiments 
involving a series of carefully timed RF pulses prior to 
Ene acquisition Or the FID. One ‘such multiple—pulse 
experiment is the so-called spin-echo experiment [1]. 
Having been described in 1950 by Hahn, only four years 
after the first reports of the NMR phenomenon itself 
[2,3], it is among the oldest and simplest of the various 
multiple-pulse sequences which have been devised. 
Originally developed for measuring spin-spin relaxation 
times, it is now finding many other applications as a 
result of the development of minicomputers and the fast FT 
algorithm [4]. This thesis is concerned with analytical 
applications of the spin-echo pulse sequence, including 
the simplification and assignment of carbon-13 spectra and 
the analysis of complex solutions and intact biological 


systems. 
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A. Pulsed FT NMR 


The classical picture of NMR considers the nucleus as 
a spinning, charged particle which generates a magnetic 
moment, uw. When placed in a static magnetic field, Bo, 
which is oriented along the z axis, uw precesses about the 


direction of the field with an angular frequency: 


ORS ei) (1) 


as shown in Figure 1A. y is the magnetogyric ratio for 
the particular nuclear species involved. The angular 
frequency, wo, denoted the Larmor frequency, corresponds 
to the resonance frequency of the nucleus. For a spin 1/2 
nucleus, there are two possible orientations of the 
Magnetic moment in the magnetic field corresponding to the 
+1/2 and -1/2 spin states. For a spin +1/2 nucleus, the 
magnetic moment has a component along the direction of Bo 
(Figure LA\ewhile for asspin =!/2 nucieus, at has 4a 
component opposing By. When discussing pulsed FT NMR, it 
is easier to deal with magnetic moments in a rotating 
frame of reference, as illustrated in Figure 1B, where the 
x'-y' plane rotates about the z' axis at the Larmor 
frequency. In this coordinate system, u is no longer 


rotating but remains stationary. When considering a 
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sample, there are many precessing nuclei, some with a 
component aligned with By and others with a component 
opposed to it as shown in Figure 1C. There is an energy 
difference between the two spin states leading to slightly 
more magnetic moments being aligned with the magnetic 
field (lower energy) than opposed to it (higher energy). 
In each of these two orientations, the individual nuclear 
magnetic moments are randomly distributed about Bg. There 
will be a net magnetization resulting from the summation 
of all the individual magnetic moments, because there are 
more aligned with the magnetic field than opposed to it, 
directed along the positive z‘ axis. This net 
magnetization, Mg, is shown in Figure 1D. 

In order to detect any Signal from the sample, the 
equilibrium magnetization, My, must be tipped off the z' 
axis to give a component in the x'-y" plane. Once there 
is ascomponent of My “inthe x 7-yu plane, Mytyt, this 
component rotates coherently about Bg at the Larmor 
frequency and induces an EMF in the receiver coil 
surrounding the sample [5]. The equilibrium 
MagGnecization, Ma, ise tipped off athe zs axis by the 
application of an RF pulse, B,, Conventionally applied 
along the x» axis. § The magnetic portion of the RF pulse 
causes Mg to rotate about the x" axiswas 1)lustrated=in 
Figure 2. The strength of By) fand 1ts duration, tor will 


determine the angle, 9, through which Mg is rotated. 
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BRigure g241 blustraetes tthe isituationmtos On=s890°f rreferred 
to as a 90° B, pulse. 8 can be increased or decreased by 


increasing or decreasing t for example a 180° pulse can 
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bewootammed (by -deubhing = Once the RF vt1eld is turned 


jor 
1 is detected by the EMF it induces in the 


OLG, My y 


receiver coil. 

The induced EMF will be seen to decay with time as a 
result of relaxation of the nuclear spin system back to 
equilibrium. The two principle types of relaxation which 
occur are known as spin-lattice relaxation and spin-spin 
relaxation. These are both exponential processes 
ehatactenr1zedeby stimerconstantseh) eand 15, respectively. 
In spin-lattice relaxation, energy exchanges between the 
nuclear spin system and its surrounding molecular 
framework, the lattice, resulting in the exponential 
becovery Of M51 towards its equilibrium value, Mo; une 


recovery Of M>1 is described by the rate equation: 


aM 7 (My-M_ 4) 
clan a T) (3) 


where M,. is the magnitude of the magnetization at time 
to bor a 90° By pulse, the return of M71 to Mg 31s 


described by [6]: 
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Meat Glecemt, 1) (4) 
T, relaxation times can be measured in pulsed FT NMR by 
following the rate of recovery of Wee Oe tes equrci a Derum 
value. This can be done with the inversion-recovery 
experiment [7] in which the equilibrium magnetization is 
first inverted by a 180° RF pulse and then allowed to 
undergo spin-lattice relaxation for a period of time, Lay 


after which M,. is sampled by a 90° pulse. 
POO 2-2-9 0S-Acagui's LtLon (Sequence I) 


The rate of spin-lattice relaxation determines the rate at 
which the experiment can be repeated to increase the S/N 
Gatio.. In order to avoid saturation effects arising £xom 
incomplete spin-lattice relaxation, a wait of about five 
T, values is necessary before pulsing the system again to 
allow Mis) to. return. to equilibrium [7]. 

Whereas spin-lattice relaxation is an enthalpic 
process, spin-spin relaxation is an entropic process 
' 


involving the dephasing of the magnetization in the x'-y 


plane. It is described by the rate equation: 


M 
see oo 


Ty) (ioe & Tigh = ag 


qt mee enivg A) Giveiet oe ee peed? nol tenesen, (Ri 

auiséitiwe ec? of » {7  yrereaes D Ore7 6 oalvad 
a “4 4 

qiareowa-anlaseve! s4s, ale BOR aso ait - 

ai 66) tention eotviiliupe ons War AD ET) shen] Tage | 


> 


as bewtle ceil dae Selim Wh DAL’ e gt Sevzaval 3 
ox? pants. Fe tushsa4 & 20d nel betetes sarntel-omp opzebni 
alas “(6 94 bOlgwe 06 1,0 Pride 30378 

(2 esnenre2) pnd stagtynA-* O04 pet O8hO~ Ee 


$64 woes O19 Ganlarvarel Aoi taealas, Gite’ ale th arad 665 


Wie er) Gee. ©) Jetages a) wen aenlzseqse ets doilde’ 


epid grieivs amor! si-ege les helen es vetee 42 e8ken . 
eovit t1i08n SS Sim? @ . BO) bawice PPI ret-alige > eluoen) : 
OF FIGRR. Geeage @6)) 5: san oy) Fan -yieesOs>Te Gf eawiav i 
ait! Ober) ifepe 49 couta at 198 woll@ 

GLQaAGHY ae Si ‘i tean!dt iba! > 42 R08 Teer. af 
eosetd 2iqoiwie ni ai wiseG6tei AiCe-H1Ge AR ines 


*o- "4 an vy no tee) T0gam oO Se prt ennqed tart 3 orl’ ; 


7 wegrsannee 8263 20/ if Oen/ ites ol TT 
/ ~ ti~ 
= + 
-_. 


For a 90° pulse, the decay of M is given by [6]: 


Sve 


Te er er ae (6) 


In pulsed FT NMR, spin-spin relaxation determines the rate 
Of decay of the FID. It results in the exponential decay 
of the EMF collected by the receiver coil since the signal 


collected iS proportional to M ideally, 15 values 


Sar Vio as 
could be measured by following the decrease in amplitude 
of the detected signal as a fLunctvon Gf time. In actual 
practice, this is not uSually possible because of magnetic 
field inhomogeneities. As a result of magnetic field 
inhomogeneities, some nuclei experience slightly larger 
magnetic fields and others slightly smaller fields which 
results in some nuclei precessing more rapidly than the 
average and others more slowly. This leads to a dephasing 
of the magnetization in the x'-y* plane and thus a decay 
in the detected signal which is generally more rapid than 
that caused by spin-spin relaxation alone. The spin-echo 
experiment was devised to overcome the effects of magnetic 


field inhomogeneities on spin-spin relaxation time 


measurements [l]. 
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B. The Spin-Echo Experiment 


The spin-echo pulse sequence consists of an initial 
90° pulse, a delay period of length tpi ate 0” SDuise qandia 


second delay period of length T5. 


90° =15-180°-15-Acquisition (Sequence IT) 


The behavior of the magnetization during the sequence is 
Dist rated in) higure GA. Initially, theaner 
Magnetization is located along the positive z' axis. The 
90° RF pulse, applied along the positive x' axis, rotates 
the net magnetization onto the positive y' axis. During 


the first delay period, t 9, My: decreases in magnitude due 


vi 
to spin-spin relaxation and the fanning out of the 
individual magnetic moments about the y' axis due to 
magnetic field inhomogeneities. The application of the 
180° pulse at time 19 rotates the magnetic moments about 


the x" “axis, such that ™ is now directed along the 


> aN 
negative y' axis. Those nuclei which were precessing 
faster than the average due to magnetic field 
inhomogeneities now find themselves behind the average and 
those precessing slower find themselves ahead. Over the 
course of the second 1T9 delay period, the sshrects or 


magnetic field inhomogeneities on the dispersion of the 


individual magnetic moments in the x'-y' plane are 
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reversed, while spin-spin relaxation effects are not. 
This results in most of the magnetization in the x'-y' 
plane being directed along the negative y' axis at time 
20D. 

The refocussing of the nuclear magnetization at time 
2tT> by the reversal of magnetic field inhomogeneity 
effects gives rise to the spontaneous evolution of an echo 
in the time domain as shown in Figure 3B. Spin-spin 
relaxation effects, not refocussed by the 180° pulse, are 
generally much smaller than those caused by magnetic field 
inhomogeneities. Therefore, the decay of the FID 
following the initial 90° pulse is due chiefly to magnetic 
field inhomogeneity effects. The reversal of these 
effects during the second tg delay period leads to the 
growth of the echo which reaches its maximum at time 2tT5 
following the initial 90° pulse. The amplitude of the 
signal at this point is reduced due to spin-spin 
relaxation and can be described by: 

Mo, = Mg av 2tg7 ta) (7) 
By measuring the echo amplitude at several different 1T9 
delay times, a plot of the natural logarithm of the 
amplitude versus 2t5 can be constructed. This will yield 
a straight line, the slope of which is the negative 


reciprocal of the Ts relaxation time. 
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This method yields reliable spin-spin relaxation 
times only when diffusion is negligible on the time scale 
Ofpthe pulsemsequence. ~Diftfusion, effects. will manifest 
themselves in the incomplete refocussing of the 
magnetization at time 2t5 and thus a reduced signal [8]. 
If molecules diffuse from one region to another region 
where Bg is different, the magnetic field experienced by 
sample nuclei before the 180° pulse will be different from 
Ehat experienced arter it. This leads to an incomplete 
refocussing of the nuclear magnetic moments at time 215- 
For the case where diffusion effects are significant, the 


magnetization in the x'-y‘' plane is given by: 
2 
Moz, = Mp exp{-(2t2/T2) - (=y°6*Dt73)] (8) 


where G and D are the magnitude of the magnetic field 
gradient and the diffusion coefficient, respectively 

[9]. In instances where diffusion effects are negligible 
and can be safely ignored, Equation 8 reduces to that 
shown) in Equations 7% 

The initial development of the spin-echo sequence was 
to enable the measurement of Ty relaxation times and self- 
diffusion coefficients by following the decrease in 
amplitude of the spin-echo as the delay periods, t 9, were 


increased [1]. As the delay periods become longer, the 
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decrease in amplitude of the spin-echo due to diffusion 
Deccmes More simportant.. In order seovconrect sLor any 
errors introduced into Ty determinations by such diffusion 
SeLEccts, ~Carr, and Purcell! (10) jmoditied the simple spin- 
echo experiment by using a series of 180° pulses spaced at 


intervals of 2T7'+ 


20S -Le0c—7 4" ) Acquisition (Sequence IIT) 


With this pulse sequence, 1) can be kept short enough that 
diffusion is negligible between 180° refocussing pulses. 
The amplitude of the spin-echo at time 215" is free of 
distortion due to diffusion effects. However, there is a 
problem in that missetting of the 180° pulse has a 
cumulative effect as illustrated in Figure 4. In Figure 
AVeethe Use pulse is misset by. a suche that. the 
Magnetization, initially wn the x i—y seplane (Eigure 4A), 
will be below the x'-y' plane after one 180° pulse (Figure 
4B). A second 180° pulse, misset by the same amount, will 
move the: magnetization further ‘out Obethe x =y~ plane 
(Figure 4C). The measured component of the magnetization 
in the x'-y' plane will thus decrease with each successive 
180° pulse causing errors in Tj determinations. Meiboom 
anceG reli bl amods fied the Care—Purce Ll meuiod sto 


eliminate these errors caused by inaccurate 180° pulses. 
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In the so-called Carr-Purcell-Meiboom-Gill method, the 
initial 90° pulse is applied along the x’ axis and 
successive 180° pulses are applied along the y' axis as 


indicated by the subscripts in Sequence IV. 


Se a BOG a) hequioteren (Sequence IV) 


This has the effect of eliminating errors due to 
missetting of the 180° pulse following even numbered 
pulses as shown in Figure 5. If the Larmor frequency and 
frequency of the rotating frame are different, for example 
if the nuclear magnetization is precessing slightly 
faster, then over the length of the first t>' delay the 
magnetization will move slightly ahead of the y' axis as 
shown in Figure 5A. By applying the 180° refocussing 
pulse along the y' axis, the magnetization is flipped 
about Enis, axis) If the £lip angle tor the 180° pulse is 
actually less than 180°, the magnetization following the 
pulse will be above the x'-y' plane as shown in Figure 

5B. Over the next two T2 delay periods, the magnetization 
Wiliettretecalcn Upto. tlesy. saxtc  andmcnen move .aiead 
(Pagure 5c). The next 130° pulse will find the projection 


of M inathe x -y. plane ‘exactly where: 2U was before 


dan 
thesinitiral 60° pulse. Thewle0°> “pulse applied acsthncs 


point, which is misset the same amount as the PLOT a elo US 
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pulse, will flip the magnetization about the y" axis to 
enc upeexactily in the x "-y. %planesasssnown Init. gqure 5G, 
The above techniques for determining T>) relaxation 
times were for many years restricted to single-line 
spectra. 8For mMultCI—tine spectra, the fact ‘that the 
exciting RF radiation was applied as a nonselective 
"broadband" pulse results in all the nuclei of a certain 
species being excited. The amplitude of the resulting 
Signal is a composite of all the resonances in the sample 
and any attempted measurement of Ty relaxation times could 


provide only a composite Ty) value. 


M Ra\ 2157 tot)? + M Smee Up. eae) oe 
0(2) 


we = (5) 


+ Mg Ba (2 thon) (9) 
(n) 

This Lestriction no longer applies to state-of-the-art NMR 
spectrometers. With the development in the mid 1960's of 
the fast Fourier transformation algorithm by Cooley and 
Tukey [4], the spin-echo sequence and its modifications 
could be extended to the measurement of Tj relaxation 
times for multi-line spectra. The development of the fast 
FT algorithm is in fact responsible for many of the new 
applications of the spin-echo experiment. In this 


procedure, the second half of the spin-echo is collected 
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in digital form as a FID (Figure 3B) and Fourier 

transformed to produce the corresponding frequency domain 
Spectrum [12]. The measurement of i> relaxations times for 
resonances in multi-line spectra by pulsed FT methods has 


been discussed in detail by Freeman and Hill [13]. 


Cr Peatures Of the Spin-Echo Experiment 


The sense of resonances in a spin-echo spectrum, that 
is whether peaks are positive or negative in intensity, 
can be different from those in a conventional single-pulse 
spectrum. Magnetization located along the positive y' 
axis is conventionally taken to correspond to a positive 
resonance. The 180° pulse of the spin-echo experiment 
Flips the’ magnetization £rom the positive y“ axis to the 
negative y' axis. Figure 6 shows the signals which result 
for a single magnetization vector located along each of 
the axes in the x'-y' plane. Magnetization located along 
the positive y" axis is’ conventionally phased to give 
positive peaks (Figure 6A) while that located along the 
negative y' axis gives negative peaks (Figure 6C). 
Magnetization found along either x' axis gives out of 
phase signals in the Fourier transformed spectrum as shown 
in parts B and D of Figure 6." In practice, the ‘convention 
of phasing peaks in spin-echo spectra opposite to that of 


single-pulse spectra is often dispensed with and spin-echo 
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Spectra are phased to give positive resonances even though 
the magnetization lies along the negative y' axis. 

Another feature which appears in spectra measured 
using the spin-echo sequence involves the effects caused 
by differential spin-spin relaxation. Different nuclei 
will generally have different Ty relaxation times and thus 
their magnetization in the x'=-y" plane will decay at 
differing rates. This is illustrated in Figure 7 where 
lines A to E represent the magnetization measured at time 
217 bor resonances with 15 relaxatwon times of 2.0; 0, 
U5, 0.2) and Onl) seconds, respectively. This differential 
Spin-spin relaxation has been utilized to provide 
increased spectral simplification and resolution 
enhancement [14] but leads to problems in trying to obtain 
quantitative information from the intensities of 
resonances in spin-echo spectra. 

Differential spin-spin relaxation, can be Gutilized. to 
provide increased spectral simplification by eliminating 
resonances from the nuclei with shorter Ty relaxation 
times. The spin-spin relaxation time is related to 
molecilan mobility which in tuen is related) to molecular 
sizes win General, the Jarger the molecule the shorter the 
T> values for its magnetically active nuclei. Thus, 
resonances from large molecules decrease in intensity and 


disappear from spin-echo spectra aS tT 5 is increased more 
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Pigure 7. 


0.25 05 OTS 


Decay of the magnetization in the x'-y'" plane 
with bame as a f£unctrom of the spin-spin (T.) 
relaxation time. Lines A to E correspond to 
T. Vice WSS Obs 200 25.7) Olea. eceeonday 
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Gapidly tham those from smaller moleculies. This is 
illustrated by the spectra obtained on a sample of red 
blood cells (Figure 8) [15]. Figure 8A shows the spectrum 
obtained using the conventional single-pulse experiment. 
Note the broad rather featureless envelope from which very 
little information can be gleaned. The spectrum obtained 
with the spin-echo sequence using a Ty delay of 60 
milliseconds is presented in Figure 8B. In this spectrum, 
numerous sharp resonances are noted which have been 
assigned to some of the smaller molecules present in the 
erythrocyte [16,17]. 

Although differential Ty relaxation provides a 
valuable means of spectral simplification, it complicates 
the determination of quantitative data in spin-echo 
Spectra. In single-pulse FT NMR spectroscopy, the 
relative concentrations of compounds in a Sample are 
determined from the relative areas of resonances. The 
determination of relative concentrations from spin-echo 
Spectra cannot be carried out using this procedure because 
differential spin-spin relaxation causes the various 
resonances in the spin-echo NMR spectrum to be decreased 
inswintensity by different amounts. Ilnus; = the intensity orf 
resonances for equal numbers of nuclei having different T9 
values will be different. In order to determine relative 
concentrations in spin-echo spectra, more elaborate 


methods than direct area comparisons need to be developed. 
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Figure 8. 


6 2 0 


4 
PPM 


400 MHz NMR spectra of red blood cells which had 


been washed with saline D.0. (A) Single-pulse 
Spectrum. (B) Spin-echo spectrum with 5 = 0.06 
second. Reproduced with permission from 


reference 15. 
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A third feature which complicates spin-echo spectra 
is the phenomenon of phase modulation of the components of 
multiplets [13,15]. Phase modulation results from spin- 
spin coupling and can be explained in terms of the 
behavior of the magnetization during the spin-echo 
sequence. If a homonuclear coupled, first-order doublet 
is considered, one half of the sample nuclei are coupled 
to other nuclei whose spin orientation gives rise to a 
Slower precessional frequency while the other half are 
coupled to nuclei resulting in a faster precessional 
frequency. The difference between these two frequencies 
is the spin-spin coupling constant, J. The energy level 
diagram for a system of this type is shown in Figure 9. 
The nuclei being observed and those causing the coupling 
labelled A and X, respectively, are denoted as a and 8 
cGrresponding to the +1/2 and -1/2 spin states, The 
transitions A, and Ag correspond to the slower precessing 
and the faster precessing components of the doublet 
resHiting “Erom. thei A, port tonvore the Ax spinesystem. a ihc 
P80° pulse flaps both. the: A nuclei andthe x) nuclei.eeihis 
FEeSuLtes in ant unversion. of all the spin states of the 
nuclei such that following the 180° pulse those nuclei in 
level 1 are now in level 4 and vice versa. Likewise, an 
exchange of nuclei between levels 2 and 3 has occurred. 


Transitions of the nuclei which previously gave rise to A, 
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Figure 9. 


180° Pulse 
——— > 
on A and X 


The energy level diagram for the case of two 
homonuclear spin-spin coupled nuclei before and 
abter the application of a nonselective 160° 


pulse. 
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now give rise to A¢ and transitions which gave rise to Ag 
now account for the 1a transitions... Lhis results an the 


previously slower moving doublet component, A precessing 


sr 
faster after the 180° pulse and the previously faster 
component precessing slower. Figure 10 illustrates this 
Situation for the magnetization arising from a doublet 
during the spin-echo experiment. If the frequency of the 
rotating frame is taken to be halfway between the two 
components of the doublet, then following the initial 90° 
pulse, one component will fall behind the positive y' axis 
and one will move ahead. After the 180° pulse, the two 
components will continue to diverge whereas magnetic field 
inhomogeneity effects will be reversed. 

The result of this phase modulation is that following 
acquisition and Fourier transformation of the FID the 
resulting spectrum, after applying phase corrections, will 
contain out of phase resonances for the doublet components 
when they are not located along the y" axis at the time of 
acquisition. “This is illustrated in Figure 1! where the 
position of the two components of the magnetization of a 
doublet ab the start of acquisitiom are shownitas a4 
function of the delay time, expressed in units of l1/J, 
along with the spectrum that results in each case. 


Figures 12 and 13 show the same phase modulation behavior 


for a triplet and a quartet, respectively. The phase 
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modulation behavior of multiplet signals will depend, in 
general, on the length of the delay periods, tT 9, the 
magnitude of the spin-spin coupling constant, J, and the 
partiucularmtype of multiplet pattern Anvolvyed. For first— 
order coupling, the relationship between the observed 
phase modulation behavior and J is relatively simple. 
However, whens tne coupling Is not first-order, the phase 
modulation behavior becomes a more complicated function of 
J and cannot be easily predicted [13]. Not only do 
different multiplet patterns have different phase 
modulation behavior, but the various components of each 
multiplet will be modulated at different frequencies [15] 
as shown in Figures 12 and 13. For the purpose of 
measuring T9 relaxation times, it is possible to obtain 
in-phase signals for a multiplet in the spin-echo 
experiment by adjusting the length of the delay periods 
Suche that thesmaqnetbiyzation insthe x°—y- plane falls 
entirely along one direction of the y' axis at the time of 
acquisition. Alternatively, the generation of a power 
spectrum (PS) may be used in some instances. This is 
derived by summing the squares of both the absorption 
mode, v, and the dispersion mode, u, signals over the 
entire frequency range and taking the square root of the 
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The power spectrum contains none of the phase modulation 
found in the conventional absorption mode spectrum but 
does contain broadened peaks with significant tailing on 
Doth sides; wnleh Often Wimits Gtesvapplicabadaty (U3, 

NMR spectra collected on nuclei other than ie 
notably 13c¢ NMR spectra, exhibit heteronuclear coupling to 
ly nuclei. In this Situation, the observed spin-spin 
coupling is due to interactions between the 13¢ nuclei and 
their attached heteronuclei, ly atoms. In cases involv img 
such heteronuclear spin-spin coupling, phase modulation 
effects are generally not observed. This is because the 
180° pulse in the spin-echo sequence flips only the 
nuclear species under observation, 13¢ nuclei, and not the 
species to which ‘coupling occurs, ly nuclei. Figure 14 
shows the energy level diagram for a heteronuclear AX spin 
system (lu-13c for example) illustrating the behavior of 
the nuclear magnetization before and after the 180° 
pillse..) Only the X spins “are yilipped by ‘the As0r jpulserso 
that the divergence of multiplet components due to spin- 
spin coupling is reversed in much the same way that 
magnetic field inhomogeneity effects are reversed. The 
application of suitable decoupling fields or 180° pulses 


to the nuclei responsible for the coupling can cause phase 
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The energy level diagram for the case of two 
heteronuclear spin-spin coupled nuclei before 
and after “the application of a PO0° pulse fo 
the xX mucilearm species.) |) The bottom portion: of 
the figure is a representation of the magneti- 
zation of the X nuclear species in the x'-y' 
plane before and after the 180° pulse. The 
component of the magnetization which was pre- 
cessing slower before the pulse is still pre- 
cessing slower after the pulse and that pre- 
cessing faster before the pulse is still 


precessing faster after the pulse. 
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modulation in cases involving heteronuclear coupling 
(Figure 15A and B). Decoupler scheme A in Figure 15 
causes phase modulation effects in 13c NMR spectra due to 
coupling to lH nuclei to be observed by applying broadband 
proton decoupling during one of the two delay periods 
[18,19]. This gated decoupling technique effectively 
destroys the 13¢-ly interactions [20] during this delay 
period such that the phase modulation which occurs during 
the second delay period does not converge at the time of 
acquisition. This is shown schematically for a 13¢ 
doublet in Figure 16A. The x'-y' plane is represented in 
this sequence showing the behavior of the 13¢ nuclear 
magnetization throughout the spin-echo sequence shown in 
Figure 15 with decoupler scheme A when the delay time is 
1/43. An alternative approach for observing the phase 
modulation of 3c multiplets in the spin-echo experiment 
involves the use of a 180° decoupler pulse applied 
Simultaneously with the 13¢ 180° pulse [21] as shown in 
Figure 15B. In this experiment, termed the spin-flip 
method, both the A and X spins are flipped such that the 
energy level diagram is described by Figure 9. Phase 
modulation occurs during both tg delay periods and results 
in a continued divergence of the multiplet components as 
shown in Figure 16B. Since phase modulation occurs for 


twice the time as in the gated decoupling experiment 
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decoupler sequence. 
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(Figure 16A), the components have diverged twice as far 
for=the! same 15) delay time. 

The technique of J-resolved two-dimensional NMR 
Spectroscopy is based on the phase modulation phenomenon 
which occurs during the spin-echo experiment [6,18]. In 
this technique, a series of spin-echo spectra are 
collected at closely spaced T> values. Two Fourier 
transformations are then carried out on the accumulated 
FIDS. The first is the usual Fourier transformation 
resulting in a series of phase modulated intensity versus 
chemical shift spectra. Before carrying out the second 
transformation, the data are rearranged by taking one 
point from each spectrum, at the same chemical shift, to 
construct each function for the second Fourier 
transformation. These functions are modulated due to the 
differing degree to which phase modulation has occurred in 
each of the original spectra. This modulation frequency 
is) related to J “and manifests itself in a second frequency 
dimension following Fourier transformation as peaks 
separated by wa. The end result of the two Fourier 
transformations is a two-dimensional spectrum with 
chemical shift on one frequency axis and coupling constant 
on the second. In order to generate such a two- 
dimensional spectrum, the phase modulation must not be 


converged in the collected FIDs. For homonuclear (ty-1n 
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for example) J-resolved spectra, no decoupling is 
necessary as discussed previously while for heteronuclear 
(t3c=ln for example) J-resolved spectra, decoupler 
irradiation must be applied [18] using either the gated 
decoupling or spin-flip methods shown in Figure 15A and B, 


respectively, in order to observe the J dimension. 


Ds Overview 


This thesis is concerned with analytical applications 
of the spin-echo sequence to complex organic and 
biological samples. The results presented are either 
difficult or impossible to obtain by more conventional 
methods. The applications to be discussed are based on 
two of the features of the spin-echo experiment described 
above, namely differential spin-spin relaxation and the 
phase modulation of multiplets. 

It is shown in Chapter III that the phase modulation 
effects can be used to assign carbon types (methyl, 
methylene, methine and quaternary) to resonances in 13¢ 
Spectra on the basis of the phase modulation behavior of 
Ehe various types of multiplets [22]. 9 This constitutes 
the first step in the assignment of a 13¢ spectrum and is 
OfLen al difticult) step in the elucidatvon or theystEucture 
of complex organic compounds. It also is shown that phase 


modulation effects can be used to determine spin-spin 
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coupling constants in complex spectra where such 
information is difficult or impossible to obtain by other 
methods [22]. 

In Chapter IV, some qualitative aspects of 
differential spin-spin relaxation based on differences in 
molecular Size are presented. Initially, a study relating 
measured Tz relaxation times to molecular size as 
approximately determined by molecular weight is carried 
out... Then, a method of monitoring protein solutions, to 
determine their purity with respect to small molecules 
based on Tj discrimination is described. The remaining 
chapters deal with quantitative studies involving the 
Spin-echo experiment in which observations are made on 
small molecules present in complex samples such as intact 
human erythrocytes. These chapters describe methods for 
the measurement of the concentrations of smaller molecules 
found in the human erythrocyte by several means. In 
Chapter V, generalized quantitation methods such as a 
standard addition approach and mathematical extrapolation 
procedures involving the use of proportionality constants 
are applied to relate the measured peak intensities in 
spin-echo spectra to concentrations. These methods should 
be applicable to virtually any compound in a wide range of 
samples. The final chapter describes the use of spin-echo 


NMR spectroscopy along with a very specific chemical 


40 


nije aiwiw asionne «atguaevegeeasane eri Lquoe 
SAaa PAI elt: @! mt se Jeera titet sebseereiai 
1th) etantsen 


uma «V¥) te rnnt® eT 


ji ir »or pei @? ige—n ie atinerwlid 
id . oes Res sop ests velusolaon 
he er eee ee at vwiaam 
r e ge in (ofan rvoT'pys 
t mi a : i4 a~@ntt ,»jIVOa 
re i] ¢ “AF wor 7138 % ot 
. eect ’ oo 422 
: F ? Lak 
VP 
i A 7 \ rf ° all a4a\e 
Mist 
a4 
7 ot 
vice? 
{ ‘ P i: af Ka : 
; PeDvIiG0 
Vio vIE 
WGA niga 
soja oa 
aol qmBe 


reaction occurring inside red blood cells to determine the 
concentration of an intracellular compound. In 
particular, a titrimetric method of measuring glutathione 
in red blood cells based on the enzyme catalysed reaction 
of t-butylhydroperoxide with glutathione is presented. 

The titration reaction is followed by using the spin-echo 
method in a noninvasive and nondestructive manner whereas 
conventional methods of meaSuring glutathione 
concentrations require the destruction of the cellular 


system. 
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CHAPTER SEL 


EXPERIMENTAL 


De Chemicals 


Bovine serum albumin, lysozyme, trypsin inhibitor, 
angiotensin I, angiotensin I1, glycylglycine, glycyl- 
glycylglycylglycylglycine, glycylglycylglycylgiycyl-— 
glycylglycine, ergothioneine, creatine, 5,5'-dithiobis(2- 
nitrobenzoic acid), iodoacetamide (Sigma Chemical Co.), 
alanine, valine, diethylsuccinate (Eastman Kodak Co.), 
glycine, 1,4-dioxane (BDH Chemicals Ltd.), glycyli-— 
giycylglycine, glycylgqlycylglycylglycine (Nutritional 
Baochemreals Corp.) t-butanol, 2Z-propanol, Ss—pentanol 
(Fisher Scientific Co.) and tetramethylsilane (Merck, 
Sharp and Dohme Canada Ltd.) were all used as received. 

Oxidized and reduced glutathione (Sigma Chemical Co. ) 
were used as purchased. Standardization of reduced 
glutathione solutions was accomplished using the method 
given below. 

t-Butylhydroperoxide (Aldrich Chemical Co.) was 
Obtained as al 90S solution (balance: 5s t-—butanol, 53% 
H50). Solutions were standardized using an iodine 


liberation procedure described below. 
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A sample of pure cholesterol was obtained from Dr. 
J.C. Vederas of the University of Alberta. 

99.8 atom %® D chloroform (Merck, Sharp and Dohme 
Canada, Ltd.) and 99.7 atom % D deuterium oxide (Stohler 
Isotope Chemicals Canada Ltd. and Merck, Sharp and Dohme 
Canada Ltd.) were used as solvents without further 
purification. H j0 solutions were prepared in doubly 
distilled, deionized water. 

pH adjustments in D,0 solutions were carried out 
using 35% w/w, 99 atom % D deuterium chloride and 403% w/w, 
98 atom % D potassium hydroxide (Merck, Sharp and Dohme 
Canada Ltd.) or D290 dilutions thereof. 

All other chemicals were reagent grade and were used 


WLeEMnOUL shure ther pluie) ba cal on. 


Be Solution Prepetatwon 


ie Standardization ct Glutathivone Solutions 

A solution of approximately 20 mM reduced glutathione 
(GSH) was prepared in H5jO0 under argon and stored at 4°C 
when not in use. The 20 mM stock solution was 
standardized using the method of Benesch and Benesch [23] 
as modified by Reid [24]. In this procedure, the 
sulthydryl group OL GSH is treated!) with an excess sot 


iodoacetamide according to the reaction: 
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GSH + ICH)CONH) + GSCHyCONH) + H* + I7 (11) 


ihe “amount of ‘thiol is obtained by titration ‘of ‘the 
protons liberated in this reaction with a strong base. 

Invordersttiory the *procedure=tombe applicable,® two 
Chicenvar must be met... Finsitily,;, thes inieitaleand final pH 
for the titration must be identical and low enough to 
ensure that there is initially quantitative sulfhydryl 
protonation, yet high enough so that carboxylate buffering 
does not occur, which would result in poor precision. As 
the sulfhydryl pK, for GSH is 9.2 [25,26] and the 
carboxylate pi sane 22.1 2 fandeo oo sl2yli ran a nat laderane 
final pH of 5 was used. The second criterion to be met is 
FOornMEne reaction to occur an ’a reasonably ishort) period of 
Cine toemMinimize: Oxidationmor the stitiolw group. © This 
necessitated raising the pH to approximately 9 after 
addition of the iodoacetamide to increase the reaction 
Lake. 

The base used to titrate the released protons was a 
0.06963 M solution of NaOH prepared under carbonate-free 
conditions and standardized against primary standard 
potassium hydrogen phthalate, which had been dried at 
120°C for two hours, using phenolphthalein as ‘the end 
poimt Indicator. ~A 004106 M HNOZ solution was used as a 
back titrant to pH 5 and was standardized against the NaOH 


solution using phenolphthalein to signal the end point. 
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In the titration of the protons released from GSH in 
the reaction with iodoacetamide, two standards were used 
EOr color snatching end points. The crrst contained 
approximately 70 mL of pH “S buffer, six drops Of 
phenolphthalein and four drops of methyl red. The second 
contarned 120 mL of pH S butter, six drops of 
phenolphthalein and eight drops of methyl red. These 
solutions were pink. 

The standardization procedure consisted of adding six 
drops of phenolphthalein and four drops of methyl red to 
20 mL of H50 in an erlenmeyer flask. This solution was 
purged with argon for several minutes and a 15-mL aliquot 
of GSH solution added. The pH of the solution was 
adjusted to 5 and color matched with the first standard. 
At the same time, the volume of the solution was brought 
to near 70 ml. The initial readings for the acid and base 
containing burets were recorded at this point. About 0.2 
g of iodoacetamide was dissolved in 5 mL of H90 and added 
to the flask. Base was immediately added to raise the pH 
fo around 9, Signalied by the purple color of the 
phenolphthalein indicator. As the alkylation reaction 
with GSH progressed, the protons released tended to lower 
the pH. The pH was maintained at 9 by the addition of 
small increments of base. After several minutes, when the 


reaction appeared to be complete, the flask was set aside 
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under argon for a further two minutes. Four more drops of 
methyl red were added and the solution titrated. to pH 5 
and color matched with the second standard. The final 
buret readings of both acid and base were recorded. 

Blanks containing distilled water were run to account for 
any acidic or basic impurities in the iodoacetamide. The 
excess equivalents of base added over that of acid added 
in the titration is equal to the equivalents of thiol 
involved in the standardization. The GSH solution used as 
a standard in Chapter VI was a freshly prepared 10-fold 


dvlwution of this wtandardized solution. 


2. Standardization of t-Butylhydroperoxide Solutions 

The t-butylhydroperoxide (t-BHP) solution used as the 
titrant for the GSH determinations in human erythrocytes, 
described in Chapter VI, was prepared by diluting a 
commercially obtained, concentrated t-BHP solution with 
D50. A solution was prepared to be approximately 0.14 M 
in t-BHP and was standardized using the iodine liberation 
method for organic hydroperoxides of Mair and Graupner 
[28] based on the work of Wagner and coworkers [29]. 

In the procedure used, a l=mL aliquot of the t-—BHP 
solution was refluxed with 10 mL of 20% w/v sodium iodide 
in 2-propanol sand) 25 mb of 10¢ 9 v/v -acecric acid “ing 2= 
propanol for about 10 minutes. JIodine was formed 


according to the reaction: 
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(CH3)3COOH + 217 + 2Ht ACEH a COKE AE pi aD Om (112) 


The presence of excess sodium iodide reduces the 
volatility of the liberated iodine by formation of the 
HONnVOlatT Le shoe enLon.seT his prevenceds the, loss ofm1odine 
during the refluxing. It was important that the t-BHP not 
come into contact with neutral sodium iodide solution as 
hydroperoxide decomposition other than by that generating 
iodine would occur. The liberated iodine was titrated 
with standardized thiosulfate according to the reaction: 


aes Oe ot SPOOL (aan 


25503 
A standard thiosulfate solution (0.08 M) was prepared and 
standardized according to the procedure outlined by Harris 
and Kratochvia [30]. 

In the t-BHP standardization procedure, blanks were 
necessary to account for the small amount of iodine 
generared by air Oxidation during thie refluxing. = ihe 
concentration of t-BHP was determined as one half the 
equivalents Of thiosulfate Used in the titration of the 
liberated iodine. The actual titrant used in the NMR 
titration of erythrocyte samples was a l0-ftold dilution of 
the stock solution standardized above. The stock solution 


Was stored at) 4°C when not. in wse. 
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a5 Other Solutions 

Solutions of ethanol, alanine, 2-propanol and 3- 
pentanol were prepared for the ly phase modulation studies 
Ore Chapters lili) byedissolving@small wamountsein D50 to give 
an acceptable S/N ratio after several minutes of signal 
averaging. A CDC13 solution of cholesterol containing 
approximately 5% TMS was prepared in a similar manner for 
the l3c phase modulation experiments. 

For the spin-spin relaxation time studies of Chapter 
IV, approximately 2 mM solutions of glycine, diglycine, 
triglycine, tetraglycine, pentaglycine, hexaglycine, 
ang1orensini iil, Sanglotensinl,s trypsin inhibitor, lysozyme 
and bovine serum albumin (BSA) were prepared in D90 
containing 0.16 M NaCl (saline Dj0). The pH* of these 
solutions was adjusted to approximately 7. In the protein 
PUBIC yemMont toring experiments, aneapproximately Si mM 
solmeion’ off an)older batch sof? BSAswas prepared in saline 
D50. 

they CDeteesolutions used in the quantitative studies 
in Chapter V were prepared by diluting stock solutions. 
One stock solution contained a known concentration of 
diethylsuccinate (approximately 0.4 M) and the other 
contained about 0.2 M 1,4-dioxane. Two solutions were 
prepared from the stock solutions. One contained 4 mM 


diethylsuccinate plus 2 mM 1,4-dioxane and the second 


— 


7 
- 


_— 


= _ 

evly 67/042) ni cytes Fins iabelouwle 8 a 
Yeagts | Woyeescater Fyievue vaste ater We 
GHIA lesnbd) ick thelpits. a0 moertitae y2oe7 «oaks 
aah abanan «dihies > oD mepdatieg men Gat 6 ete | 
Lot gss ani selusee-enadg 

sabia? 22 weiter? ony! acheotetes Aiqu-ndtys odd 
adicn2gl) peakoleie Me patel HAKe a 5 yistesbensqqeng¥s 
qessafpeeih jomio Roma -qbntdulgar ses: e0kehaiae ne 
mynceys «edtitiinl rte pert i eenmesolgns .ft sianstotgam 


eG ib SVIayvLs “tes 1 AAG nimarre musi 4 eoivoed bee 


% 


oneti 3¢ 888 ear. «f0.? wtpteci Le 4 et.0 oe tnissAge: 
aletetg Gi? ni- -) Yielagin tte of Leteutee sae ete £9 e 
My E yiesanizataye + HUN -ereT =) Pe Yo meeeae yt iaug 
satiee ni /Sa7Khen;, Oe ee io +i catia oe *@ sobreles) 


Og 


ayiliwae avidettiievp-—wew «) *ea0 Soeltulae _f OI ett. ae 

mit ides Meld gelsubis «ff tetedeng seew ¥ SeraqeeS = 7 
i op Veaghesnco, Merce & (Hales aoledlon tapge CHD 

isha it mas) (+. seonctravegs! eiec nouedynrel 
“1g ioe uv! (yomede tired)? IW fe% tore Dane a 
By & Plea Lene lice Ginds els wae$ Ber he 
‘njece’t) gift hme smerulDbel tet S erty apends jae 


contained 40 mM diethylsuccinate. No standardizations 
were carried out on these solutions as the experiments 
performed with them depended only on the relative 
differences between the successive dilutions prepared. 
Two other solutions were prepared in saline D90 for 
the quantitative studies on human erythrocytes in Chapter 
Ve) The first contained approximately 50) mM t-butanol” for 
use aS an internal standard. The second contained known 
amounts, as determined by direct weighing, of several 
compounds. The concentrations of these compounds were in 
the mrange of 40) mM for GSH, 5 mM for -ergothioneine, 
CEeatine,; = alanine and GlyCinerand sami Onwvaline met iie 
precision and accuracy of the results of the experiments 
utilizing this solution made elaborate standardization 
procedures unnecessary. The solution was stored at 4°C 
when not in use to prevent the oxidation of the sulfhydryl 


groups of several of the compounds. 


Cr Instrumentation 


1. pH Measurements 

All pH measurements were made using a digital pH 
meter (Orion Model 701) equipped with a microcombination 
electrode (Fisher Scientific Co.) consisting of a glass 
electrode and a porous ceramic junction, silver/silver 


chloride reference electrode. The pH meter was calibrated 
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Using Fisher scertitied butter! solumionse of pt) 400,87. 00 
and 10.00 (40.02) calibrated against freshly prepared NBS 
standard buffers. All pH measurements were made at 25 + 
LGR 

Many of the pH measurements were made on D50 
solutions. Since the meter was standardized using H 0 
bubterns, pb could be calculated™ from ‘the pH) meter weading, 


pH*™;, Using? the* equations [31]: 


DOe— PDH 7a a0 4) (14) 


For pH measurements in this work, this conversion was 
neglected since the pH* readings obtained were sufficient 


to allow comparisons of relative pH. 


2. Optical Measurements 

All spectrophotometric measurements made when 
determining GSH in human erythrocytes by the DTNB method 
[32] in Chapter VI were conducted on a Cary 118 
spectrophotometer using a tungsten-halogen visible lamp 
and a matched set of glass sample cuvets of l-cm path 


length. The observation wavelength was 412 nn. 


Se NMR Measurements 


136 NMR spectra were obtained at a frequency of 100.6 


MHz on a Bruker WH-400 spectrometer equipped with an 
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ASPECT 2000 data system. The deuterium resonance from the 
CDCl13 solvent provided the lock for field/frequency 
Stabilization. Chemical shifts were measured relative to 
the carbon signal from TMS added to the sample for this 
purpose. “A "spectral width of 7000 Hz was used’ and the 
PIDSsmwere tcolvected “in 6K of «data points Giving a digital 
resolution "of 0%854 Hz7point in the 8k. real portions of 
the Fourier transformed spectra. 48 scans were acquired 
to’ produce all of the spectra recorded with broadband 
proton decoupling during acquisition while 480 scans were 
collected for the fully coupled spectrum and a total of 
240 scans acquired to arrive at the fully coupled 
subspectra. The pulse lengths used for a 90° and a 180° 
13¢ pulse were 20.0 and 40.0 usec, respectively. 
Ouadrature detection was used with no phase alternation. 
Two watts of decoupling power were used for broadband ly 
decoupling. To eliminate phase anomalies in the spin-echo 
Spectra the 13c¢ receiver coil was tuned for the 
cholesterol sample. The spin-echo difference experiments 
were done either by collecting sequentially the FIDs to be 
added or subtracted or by collecting alternately, in 
separate regions of memory, a single scan of one FID and 
then a single scan of the other. The second method is 
recommended to average out the effects of spectrometer 


mstabi lity “and idritt. 
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ly NMR spectra were usually collected at a frequency 
of 360 MHz on a Bruker WM-360 spectrometer equipped with 
an ASPECT 2000 data system. The standard addition results 
on red blood cells were collected at 400 MHz on a Bruker 
WH-400 spectrometer with the same data system. The 
deuterium resonance from either Dj0 or CDC13 provided the 
lock for field/frequency stabilization. In several 
instances spectra were obtained on aqueous samples 
containing no deuterium by running the spectrometer in the 
unlocked mode. Chemical shifts were measured relative to 
the methyl proton signal from TMS in the case of CDC13 
solutions or relative to the methyl resonance of sodium 
PPO Ane na eo oe hleentane seen renee in the case of 
aqueous solutions. In CDC1l3 solutions, either IMS itselst 
or 1,4-dioxane (3.750 ppm) was added as a chemical shift 
reference. In aqueous solutions, the resonances were 
referenced to the methyl resonance of added t-butanol 
(1.236 ppm) or the methylene signal of glycine (3.540 
ppm). A spectral width of 4000 Hz was generally employed 
ana the FIDs were collected in 16K ef data points giving a 
digital resolution of 0.488 Hz/point. For spin-echo 
Spectra obtained on red blood cells, 100 to 400 scans were 
acquired for each spectrum while for single-pulse red 
blood cell spectra only 20 scans were recorded. Solution 


studies involving spin-spin relaxation time measurements 


5Z 


yaweveag) a) ee ee «tread as 
a re€ = Sal sepa . 69 


=~. Lary!) vo"! ye) (hos & 
OTR OR jie ; on 
t 


— we, PP! 
yi, we Dies eran pi Ps aaa 7 Y 


Qos ne ] » a 7 : “7 


a 
- _ 
( wit (note Oar Pee tos ag ve = 
Se y ver ~noerags Gyize yeh. 
: : - 
eo Sts tRinnre rr ert elalt ac%. OL 
jie wile MPa ii Laci gtenr. ava he tad eoanas wh 
- ( a2 yi mig ~ 4A an’ pAbale _ 
j f \ ce 
: : eee i 
( 2% pm ; ott » besooi Le 
=, = s 4 
i. oe sab pe? ace Nhe dow Iptian was” 
- i 
3 12 2 i eh 7) Fe: ° 5= : g4iz : wi aanicy oT 


r Care 25 pot tenc~ yest inte 
an! 


leet aap avaen «aul séieo-sipia Gb. 2 o2spine -aUnee 
fp aw tein tt >) “menesterth 190 


ee 


ida: Wi : ‘nfe- tures At nme Oe 

7 a - 
Pe iv ae | i an) sire <2 ya wnnahs es ean eter 
ae t) iG enjie eiyrd arts w ie ated) 


ek aa qtue mh (? aT 1 Aves iz: nie ia (omy A at a 


peat} a oid wit Tat 


a» et i] Laity i Pare ni Fei = eu 
ASP psa ant ? tt "Ue a7 @ 1 wah 


; Le 
asee ene calle 6) 70. ya Heester: hve 
a 


- - Oo 


eee ata l@ oe Blape 


- 


53 


in, Chapterely were Carried) out, bys callecting. 100. tor 200 
scans per spectrum. Standard addition experiments on 
CDC13 solutions in Chapter V employed 8 scans for each 
Spectrum. The pulse lengths used for 90° and 180° pulses 
were usually about 7.4 and 15.4 usec for the WM-360 
spectrometer and 10.7 and 21.4 usec for the WH-400 
Spectrometer. QOuadrature detection was used throughout 
the 1H NMR experiments with no phase alternation during 


Spin-echo experiments. 


De Dialysis Measurements 


The dialysis experiments performed as part of the 
protein purity monitoring studies of Chapter IV were 
carried out using 14.6 mm diameter, Spectrapor l, 
cylindrical, membrane tubing with a molecular weight 
CUuLOLE of 6,000. to 8,000 daltons (Spectrum Medical 
Industries). .The, tubing; whichswas received in a 23) mm 
width flattened strip, was softened by soaking for several 
minutes in saline Dj,0. This also served to wash away the 
small amount of glycerin associated with the commercially 
procured membrane. The ends of the tubing were closed by 
knotting them or by using plastic closures (Spectrum 
Medical Industries). 

The dialysis tubing was filled with a saline D 90 


solution of the protein to be dialysed and then suspended 
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in a cylinder containing several times the volume of 
Saline D»,0 as contained in the dialysis sac. Dialysis was 
allowed to occur with constant stirring of the external 


medium at 4°C for a period of several hours to one day. 


Er. EMy Comoecy.te Pretreatment 


Samples of human erythrocytes utilized in many 
experiments were obtained from healthy donors. Venous 
blood was collected in EDTA containing Vacutainers 
(Becton, Dickinson and Company Canada Ltd.) of 
approximately 7 mL volume by qualified medical 
personnel. The hematocrit, which is the percent of the 
blood volume consisting of red cells, was measured for 
each sample and was generally found to be between 40 and 
50 percent. 

The preparation of the erythrocytes for NMR 
experiments was initiated by separating the blood cells 
from the plasma by spinning down the cells at 2500 rpm for 
55to 10 minutes in the Vacutainers. The plasma and purty 
coat (white cells) were drawn off by Pasteur pipet and the 
red cells transferred from one or more Vacutainers to a 
larger polyethylene centrifuge tube. The cells were 
washed by suspending them in twice their volume of saline 
D50. The tube was sealed with Parafilm (American Can Co.) 


and shaken vigorously to mix the contents thoroughly. 
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After allowing the sample to stand for several minutes at 
room temperature, during which time Hj20 in the cells was 
replaced by D50 and glucose and lactate were dialysed out 
ors themcells, the centrifuge tube was spun at 6000 rpm and 
4°C for 5 to 10 minutes. The supernatent was drawn off by 
Pasteur pipet and discarded. The red cells were generally 
washed twice more in the centrifuge tube, maintaining a 
Zea Fatic Of saline D5jO:red cells; using™ the same 
procedure outlined above. For those experiments which 
used hemolyzed red cells, the packed cells were lysed 
following the last wash by either a freeze-thaw technique 
or by sonication. In the freeze-thaw method, the red 
cells were alternately frozen in a dry ice-acetone bath 
and thawed to room temperature until all the cell 
membranes were ruptured. This was easily ascertained 
Since the lysed cells yielded a clear, ruby red solution 
aS compared to the opaque, packed whole cells. If 
sonication was used to hemolyze the red cells, a titanium 
probe was immersed in the packed cells and 20 kHz 
ultrasonic vibrations applied from a Sonicator (Heat 
Systems—Ultrasonics) to disrupt the cells. As a final 
Step prior to drawing off samples for experiments, the red 
cells, whole or lysed, were oxygenated for approximately 
two minutes by bubbling with 95% O9-5% CO z (Union Carbide 


Canada Ltd.). This was necessary to ensure good 
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resolution in NMR spectra collected on the erythrocyte 
samples. If the erythrocyte samples were not well 
oxygenated, very broad, poorly resolved resonances 
resulted. 

Samples for use in experiments were drawn off with 18- 
gauge, 1.5-inch, Yale needles (Becton, Dickinson and 
Company Canada Ltd.) mounted on l-mL disposable syringes 
(McGaw Supply Ltd.). Those samples for NMR experiments, 
generally 0.5 ml, were placed in 5-mm O.D. NMR tubes 


(Wilmad Glass Co.). 


Fs DTNB Method for Glutathione Determination in 


Erythnrocyees 


A standard clinical method which is used for the 
determination of reduced GSH in erythrocytes is that of 
Beutler et al. [32]. It is based on the intensity of the 
yellow color developed by sulfhydryl containing solutions 
when they are treated with 5,5'-dithiobis(2-nitrobenzoic 
acid) (DTNB). The reaction involves the reduction of the 
DTNB by the sulfhydryl groups, which are oxidized to form 
andisulfide,. yielding a highly colored yellow canton; .the 
optical density of which is measured at 412 nm using a 
Sspectrophotometer. The reaction occurs at room 
temperature and is insensitive to even large temperature 
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importance as slong as’ it is in excess of the concentration 
of sulfhydryl group. The reaction is very fast and 
complete color development occurs in less than 30 seconds 
WiuLhenom fading jf color, for oven 5) minutes, thereafter. 
They color, development is entirely satisfactory for a pH 
ACU OUOLEN MONE LSI” NO) Mohsin 

The procedure used to determine the concentration of 
GSH in) red cells involved lysing 0.1 or 0.2 mL of packed 
cells) by osmotic shock by making them up to’ 2 mL with 
H5O. | The Josmetic Pressure caused the rupture cf the cell 
membranes. At this point, the GSH present in the solution 
was quUIte Susceptible to air oxidation so 3 mi (of 
pLecipitating solution containing 1.67 g glacival 
metaphosphoric acid, 0.1 g EDTA and 30 g NaCl per 100 mL 
was added. In the acidic solution, the GSH was relatively 
stable for several hours [33]. About 5 minutes after the 
addition of the precipitating solution, the mixture was 
centrifuged and filtered to remove precipitated protein. 
Bither lor 2 mbof the £1itrate, containing the GSH, was 
made up to 8 mL with phosphate buffer (0.3 M NajHPOyg). A 
l-mL portion of a solution of DTNB (40 mg/100 mL of 1% 
sodium citrate) was added and the solution mixed well. 
Then, the absorbance at 412 nm was measured approximately 
5 minutes after adding the DINB solution. The 


concentration of GSH in the erythrocytes was determined 
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from the reading obtained utilizing the molar extinction 
Coefficient ior the DINB anion of 13,600 at 412 nm [32]. 
Standards containing between 0.1 and 0.5 mL of a 
standardized 2 mM GSH solution were also analyzed to 


verify the procedure. 


Ge Catculations 


Peak heights for resonances in NMR spectra were 
either measured by hand or determined by the Bruker 
software used with the ASPECT 2000 computer system of the 
NMR spectrometers. All area measurements were made by the 
computer software. 

Linear regression analysis was performed using the 
linear regression software supplied with Texas Instruments 
calculators. Standard deviations of the slopes and 
abcissa intercepts were determined using a CASIO FX-702P 
programmable calculator. Non-linear curve fitting 
calculations were performed using an adapted form of the 
general curve fitting program KINET [34] utilizing the 
matrix regression procedure described by Wentworth [35]. 


THis program was run “on the University of “Alberta AMDANL 


470 V/8 computer system. 
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CHAPTER ITT 


SIMPLIFICATION OF !3c SPECTRA AND MEASUREMENT OF 13c-!u 


COUPLING CONSTANTS BY SPIN-ECHO TECHNIQUES 


A. Ineroauct Lon 


Lake NMR spectra are normally measured with broadband 


ly decoupling which has the effect of collapsing 13¢ 
multiplets caused by coupling to ly nuclei to Singlets 
[20,36]. The spectral simplification and increased 
sensitivity which results has significantly advanced the 


routine use of 3c NMR. This is illustrated by the 


Spectra for cholesterol in Figure 17. 


21 22 24 26 


CHOLESTEROL 


The 3c spectrum of cholesterol has been assigned 


previously [37]; the assignments are given in Table l. 
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Table 1 


Carbon Types and 13¢ Chemical Shifts for Cholesterol 


Carbon ‘ 


Position 


it 


Oo vy & NY 


rae] 


a) Carbon 
Type 
CH» 
CH9> 
CH5 
CH> 
CH 
CH 
e 
CH> 
CHo 
C 
CH 
CH> 
CH» 
CH 
CH3 
CHS 
CH 
Cie 
CH> 
CH> 
CH9 
CH 
CH3 
Cis 


Resonances from carbons 3, 
spectral window used. 


In ppm vs TMS. 


25 


Chemical (”) 
Shift 


37.40 
Son 
42.45 
BV ei) 
32.06 
S03 
36.60 
Pa ie) 
ehh) 
Ae aS 
Eo u ss 
24.34 
28.25 
Semyeite! 
I 90 
19.42 
35.285 
Rs aati: 
360.01 
Mes ele) 
397611 
23.03 
Loe 0 
22619 


5 and 6 fall outside the 


Obtained from Spectrum A in Figure 
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The chemical shifts obtained from this study agree to 
within +0.3 ppm with those reported earlier [37]; the 
differences are most probably caused by concentration 
Srrects 1 58)- ss Spectrum Cyn Pigure 17 ise the 13¢ spectrum 
OF cholesterol measured with full proton coupling, 
Resonances for methine, methylene and methyl carbons (CH, 
CHy and CH3) give rise to doublets, triplets and quartets, 
respectively, due to coupling to the directly bonded ly 
nuclei. Longer range coupling is not resolved in Spectrum 
C. Because of the large number of resonances over the 
small spectral range there is extensive overlap of 
resonances making spectral interpretation difficult. In 
contrast, Spectrum A measured with complete proton 
decoupling consists of single resonances for each of the 
ditferent carbons. ~In addition to the spectral 
simplification, sensitivity is increased since the 
intensity is concentrated in a single resonance rather 
than being distributed among the components of a 
Mmibtiplet, Ay further iancrease in “sensitivity, up toca 
factor of approximately three, results when proton 
decoupling is” used’ due to the nuclear Overhauser errect 
[39]. 

The use of this technique, however, results in the 
loss of assignment and structural information which is 


Contained in ther scatar couplings between the 13¢ and 1u 
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nuclei. Part of the coupling information can be retrieved 
for purposes of assigning resonances to methyl, methylene, 
methine and quaternary carbon sites with the single 
frequency off-resonance proton decoupling experiment 
(SFORD) [40741]. In this technique, decoupler irradiation 
is applied at a frequency somewhat removed from the ly 
Ebesonance Erequency resulting in a reduction of the 
observed 13c-1y couplings. AS a result; the 136 
resonances are still split into multiplets due to coupling 
EO (directly bonded 1H nuclei but the magnitude of the 
splitting is reduced. Thus, the resonance for a methyl 
carbon will be a quartet in the SFORD spectrum but the 
separation between the lines in the quartet is reduced. 
The SFORD spectrum for cholesterol is shown in Figure 

17B. Some resonances in this spectrum can be assigned to 
CH, CHa and CH3 Carbons by the characteristic doublet, 
triplet and quartet patterns, for example the resonances 
ae bU. S321 Oeond 10.90 sopm, respectively. SAi chough 
most cf the multiplicities in Figure 1/7B care identifiable, 
ambiguities arise in the regions around 32 and 24 ppm. In 
the first case, overlapping resonances make the off- 
resonance spectrum virtually useless. In the second case, 
broadening of the signals is observed, probably due to 
second-order effects [42,43] resulting from the tightly 


coupled proton spectrum. Both situations will become more 


sonskenien cl grien Of Fe: ee 
otgabl, 3. sie cesta 
jaset ian priigyyes® we pith 


anigalbesti seine ,seapiarae : o TER, 


uo dp is (hee? -fiiieemee ae hs 
7 - 
ce 4a euro tue = 6 of go leteee? oreepet), sovapaaee: 


(ft ew Ghtss 2 emcees piacth : te 
3 h> ags0 cereupigin: shige tise wee a8 
weds dy afte in, oe URI Fut: Jere wh Sahornt ehtawnld 9% 
—~'\ wongrniner ote Sie sheopoes al paises 
> * edeesane Bro oto oh Ceeteay « mut Shoe 
tI7Hs ‘'s 7) eoatd @tt aeeotdesd folza 
rye He 2] JQ4¢edeSFons so etaepege CATER s 
suUtsgeye clits os aepeseess os 
Ser i Lats, ai dag reawate nit yy engases 215 be gO, 
soudeoet var jal esse atk) Reetsp, eeree bam. 2 
(oie .yleosanatee’ mag OO. ame Steet hE, 08 . 
itgpsesneas ot, GUP eargis nf agison git ive enti. ¥, 
wt . ,@Gm/@? BAL SE Ties Avnige? o> bf ODE ewld 
445. ond vase zeonérase)_Oolagetiive , anes 
donc sbinne ails al —ene heag (isetrute ery veqe 
rin @ob ealaatAna Po af. aivegia ott to 
WaT Tee et oie 
oranges at We sa cea 


severewat! lower magnetic! field Ustrengths.  «Shitts Of Fup to 
0.08 ppm for carbons 9 and 17 (50.33 and 56.38 ppm) were 
detected between the center of the multiplet im the off— 
resonance spectrum and the shifts obtained in the noise- 
decoupled spectrum. These shifts are undoubtably 
attributable to temperature sensitive shielding changes 
[44] induced by the lower proton decoupler power levels 
used in the off-resonance experiment. Comparisons made 
between the two experiments could lead to erroneous 
assignments especially in regions of high spectral 
congestion. 

In this chapter, alternate methods for assigning 13¢ 
Pesonancess to parbon. types (C, CH, Cho land CH3) are 
devised based on the phenomenon of phase modulation of 
multiplet patterns in NMR spectra measured by the spin- 
echo method [22]. The assignment scheme is based on the 
differing phase modulation behavior of methyl, methylene, 
methine and quaternary carbon types. In addition, 
experiments are described with which subspectra containing 
resonances from only quaternary carbons, resonances from 
methylene and quaternary carbons or resonances from methyl 
and methine carbons can be obtained. Methods are also 
described for determining the magnitude of 13¢-ly Sspin= 


spin coupling constants based on the dependence of the 


phase modulation effects on munjaatae The above 
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experiments are presented using cholesterol as an example 
to demonstrate their utility in characterizing 13c NMR 
SDECtEd. 

The chapter begins with an application of the phase 
modulation phenomenon to determine the ly-ly spin-spin 
coupling constants in 14H Spectra. This is presented in 
order to introduce the important aspects of the phase 
modulation behavior of multiplets in spin-echo NMR spectra 
using a Simpler spin system. Following the discussion of 
phase modulation in ly spin-echo spectra, the phenomenon 


is investigated in 13¢ Spin-echo NMR spectra. 


B. PnvenS Ley, Modulation of Sing lees in Spin-Decoupled 
Spin BChO Spectra 


In FT NMR, the RF excitation pulses are generally 
nonselective so that all nuclei of a given type, for 
example ly or 13¢, are Simultaneously affected. 
Consequently, as discussed in the introduction, the 
individual lines in !n-1nH multiplet patterns are phase 
modulated in 1H spin-echo FT NMR spectra. This is because 
the nonselective 180° pulse inverts the spin states of all 
ly nuclei so that the nuclei Giving) rise to the individual 
components of a multiplet pattern precess at different 
frequencies before and after the 180° pulse. The fre- 


quency of the phase modulation is a function of the ly-ly 
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Spin-spin coupling constant as well as the type of 
multiplet. In fact, the different components of a 
multiplet will undergo phase modulation at different rates 
[Sivas shown an Figures Il to 13 and Table 2. 

The nature of the phase modulation of multiplet 
patterns can be altered by spin decoupling. Tf phase 
modulation is allowed to occur during the two delay 
periods of the proton spin-echo experiment and then 
selective decoupling is applied during acquisition of the 
FID ae sthe icohemical ‘shift of those protons causing the 
splitting of the multiplet, a collapsed singlet will be 
observed which is intensity modulated as a function of the 
delay time Tt), The observation and decoupling pulse 
sequences are shown in Figure 18. Figure 19 presents the 
case of an !H doublet caused by coupling to a methine 
pEOtOn. —=Lhis! doublet will, be uwsed to illustrate the 
intensity modulation resulting as T5, expressed as a 
funchiOon OfLel/a, is Varied. Thesupper potion of the 
figure shows the two components of the magnetization at 
tie —CimeroL “acguiSleilon im the x'-y." plane ol “amcoordinare 
system rotating at a frequency midway between the 
precessional frequencies of the two components. The two 
components are represented by the vectors labeled f and s 
corresponding to the components precessing faster and 


slower than the x'-y' plane. Initially, with tT) = 0 the 
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Table 2 


Phase Modulation Frequencies for Components of 


Multiplet Type 
Singlet 
Doublet 


Triplet 


Quartet 


Pentet 


Sextet 


Hepcer 


Various Multiplet Types 


Component 


Modulation Peequene, 
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two components are oriented together along the negative y' 
axis wat the time of acquisition... Lf decoupling is applied 
during acquisition to the methine proton which splits the 
resonance into a doublet, a singlet of intensity -Ip is 
obtained as shown in the lower part of Figure 19. As T5 
is increased the different precessional frequencies of the 
doublet components cause them to diverge giving rise at 
acquisition to a decoupled singlet whose intensity 
COrresponds to the vector sum of the two compoments on the 
y' axis. The successive frames of Figure 19 show the 
orientation of the doublet components at acquisition and 
the intensity of the resulting decoupled singlet as tT is 
increased. This intensity modulation is a direct result 
of the phase modulation which the components of the 
multiplet are undergoing during the two delay periods and 
can be described by the relationships given in Table 3 for 
various multiplet types. These expressions also take into 
account the effects of spin-spin relaxation which occurs 
Vet tie timemintenvyal 215. 

The equations presented in Table 3 are derived from 
the phase modulation behavior of the individual components 
Of “a multiplet. For example, the two components of a 
doublet precess at frequencies of J/2 faster and J/2 
Slower than the y' axis rotating at a frequency midway 


between the precessional frequencies of the two 
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Table 3 
Equations Describing the Intensity Modulation of 
Decoupled Singlets for Various Multiplet Types 


Multiplet 

pee y Der x 

Singlet hi 

Doublet cos (2mJT5) 

Triplet ead cos (41Jt.) 
2 2 2 

Quartet 3 COS (2 hulit) act L cos (Om tT ) 

; a 2. q 2 

Pentet 3 + u COSst4nd t+ I Cos (Smt. ) 

a 8 2, 2 8 2 

Sextet 2 cos C2 nd.) + ae Gos (Old T.)). i Cos ULUmI 1 ) 
8 2 16 2 16 2 
x LS 3 1 

Heptet 1G + 37008 (4mJt.) + Tecos (8rJTt,) + 37C0s8 (l2nJt,) 


(a) For homonuclear spin-spin coupling (e.g. ly-ly) or 
heteronuclear coupling (e.g. 13¢-ly) when measured by 


the spin-flip method. 


(b) exp(-2t5/T5*) takes account of spin-spin relaxation 
which occurs. T,* is the effective spin-spin 


relaxation time. 
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components. The phase difference of the doublet 
components, with respect’ to the y' axis, at time Za 
following the initial 90° pulse of the spin-echo 
experiment is) 2 cos(2nJirt5>).) (The projectionsof the two 
magnetization vectors on the y' axis contributes to the 
resonance intensity in the spin-echo spectrum. Taking 
into account the effects of Ty relaxation yields an 


intensity Fr of: 
I= Ip e7'42/12") cos(2ns7,) (15) 


where T> iss the@éffective spin-spin relaxation time which 
Sncludes contra butions from ditiusion and® othermeftects on 
the measured T) relaxation time. Equations for the other 


multiplet types are derived in a similar manner. 


C. Determination of !H-1!H Coupling Constants from 


INeenst ey. Modulated Spin-Echo Specrra 


The intensity modulation behavior of decoupled 
singlets predicted by the equations in Table 3 is used in 
this section as the basis of a method for measuring ly-ly 
spin-spin coupling constants. The procedure involves 
measuring the intensity of the decoupled singlet for a 


series of t7 values. The intensity versus T) data are 
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then fit by a non-linear least-squares procedure to the 
appropalate equation in Table 3) to obtain a value "tor 
3 
alone 

Tomiilustrate the procedure for a variety of 
Mmaledplet types, Spin-spin coupling constants are 
determined for the compounds ethanol, alanine, 2-propanol 
and 3=pentanol. Ethanol provides an example of a triplet 
and a quartet, alanine a doublet and a quartet, 2-propanol 
a doublet and a heptet and 3-pentanol a pentet. To 
determine the coupling constant for each multiplet, 37 
spin-echo spectra were recorded at tj delay times ranging 
cromeUetewseconds to 0.37 “second at intervals fot .0 su 
second. The data for the decoupled singlets resulting 
from the triplet (CH3 protons) and quartet (CH2 protons) 
of ethanol as well as the curves predicted by the 
parameters obtained from the non-linear least-squares fits 
are showhnein Fagure 20. “he reswits for all the compounds 
are listed in Table 4 along with values for the ly-ly 
coupling constants measured directly from single-pulse 
Spectra for comparison. In all cases, the oes values 
obtained from the intensity modulation behavior agree with 
those measured directly within the uncertainty limits of 
the experimental techniques. 

Although the ly-lu spin-spin coupling constants for 


the examples given here can be measured directly from the 
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Table 4 


Three-Bond tyH-!y Coupling Constants for Various Compounds 


Compound Multiplet Type oon 1 (a) Ale l (b) 
Heel H=—H 
Ethanol Ter ber ey 1.032 0%.07. 
Quartet ie 10 T3206 20R 103 
Alanine Doublet de 20 Tic BLO 04 
Ouartet TAO 7.36205, 40 
Z2-Propaneo. Doublet 6. 21 (Sh Fareed) sell 
Heptet Glercet Grr hon0. 00) 
3-Pentanol Pentet 6.20 6. 26£05.28 


(a) In Hz. Measured directly from single-pulse 
Spectra. Uncertainty of 0% 24 Hz due to digital 


resolution. 


(b) Determined indirectly by fitting intensity modulated, 
decoupled ly singlets to the equations given in Table 
3. The uncertainty estimates given are the standard 
error estimates calculated by the non-linear least- 


Squares program. 
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Single-pulse spectrum, that is not always the case. For 
example, resolution may not be sufficient if the coupling 
constants are small or if the resonances are naturally 
broad, as is often the case in the 1H spectra of 

proteins. In such cases, the method described above is 
useful. It should be mentioned that less precise 
estimates of the coupling constants can be obtained 
directly from the intensity modulation behavior by using 
the delay time at which the intensity of the singlet is at 
dente BOL example, Lona triplet the firse niall occurs 


at > = 1/4J. 


DE Phase and intensity Modulation in 13c Speceba 


In this section, phase and intensity modulation of 
resonances in 13c Spectra measured by the spin-echo method 
will be discussed. The pulse sequence and various 
decoupler timing schemes for these experiments are shown 
in Figure 21. Nonselective pulses are applied to the 
carbon spins while the ly decoupler will be considered to 
be broadband. In all the sequences shown in Figure 2l, 
the decoupler is on between repetitions of the 
pulse/acquisition sequence to achieve nuclear Overhauser 
enhancement [39]. 

As discussed in Chapter I, 13¢ spectra measured by 


the spin-echo pulse sequence with broadband ly decoupling 
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Fagure,y 21, 


The iG Spin-echo pulse sequence (top) 


various ly decoupler schemes, A to H. 
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throughout the pulse sequence and acquisition (decoupler 
scheme A) consist of singlets all in phase with each 
other. In order to observe phase modulation effects in 
13¢ Spin-echo, spectra, it is necessary to modify the 
decoupling so that the precessional frequency of the 
different components of a 13¢ multiplet are different 
during the two delay periods. This can be accomplished in 
EWo Wayss 1) Dy applying a 180° ly pulse simultaneously 
with the 180° 13c¢ pulse with the broadband ly decoupler 
off during the delay periods, the spin-flip method [45] 
(decoupler schemes G and H) or ii) by gating the broadband 
ly decoupler off during one of the two delay periods, the 
gated decoupling method [15,18] (decoupler schemes E and 
Ee 

If broadband 1!un decoupling is applied during both 
delay periods (decoupler scheme A or B in Figure 21), no 
phase modulation occurs since the average precessional 
frequency, for a -particular 13c nucleus is the same during 
bothmdelay meriods. “this Ws illustrated, schematically ator. 
a 13c doublet (CH) in Figure 22A. The resulting signal 
obtained at acquisition will appear as an inverted singlet 
(decoupler scheme A) or as an inverted, in-phase multiplet 
(decoupler scheme B). If 13¢ spectra are measured with 
the 1H decoupler off during the spin-echo pulse sequence 


and gated on during acquisition (decoupler scheme C) or 
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90° T2 180° To Acquisition 
A ——— oe os a 
Broadband Broadband 
Decoupling Decoupling 
B 90° To fos 180° T> oye 
90° T2 180° 
CcC— te —— 
Broadband 
Decoupling 


To Gy 


p 2 T2 | 180° (| T2 Acquisition 
< 180° LD 
Pulse 
Figure 22. Vector representations of the magnetization 


from a methine carbon during the spin-echo 
pulse sequence with (A) broadband decoupling 
during both evolution periods, (B) no decoupling, 


(C) broadband decoupling during the first 
i 


evolution persod pand s(D)masls07 
applied simultaneously with the 
pulse. The magnetization is in 


of a coordinate system rotating 


H pulse 
1s0° +c 
the x'-y' plane 


at a frequency 


midway between the two precessional frequencies 


of a coupled methine carbon. 
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with the decoupler off during both the pulse sequence and 
acquisition (decoupler scheme D), the dephasing of the ly 
coupled 13¢ nuclei during the first half of the experiment 
will, bé-=refocussed in: the second=half as#illustrated in 
Figures 22B. The two components of the doublet 
schematically represented here have coalesced at time amt 
because the same component of the doublet is precessing 
movesrapralye bern | before and after the 180° soulses De; 
however, the broadband 14 decoupler is on during only one 
of the two evolution periods, for example the evolution 
period following the 90° pulse as represented by decoupler 
schemes E and F of Figure 21, the individual components of 
a multiplet can be out of phase with respect to each other 
abmtames 2 a> in which case phase modulation will be 
observed in the resulting spectrum. The behavior of the 
Magnetization from the two components of a 13c¢ doublet in 
such an experiment with Ty = 1/43 is shown schematically 
inyhegqure, 22C. ss DUGingsthesevolution. perirodrfolVowingsthe 
90° pulse, the two components precess as a singlet because 
of +n decoupling and the magnetization is defocussed 
because of magnetic field inhomogeneity. Following the 
180° pulse, the decoupler is gated off and the two 
components precess at different frequencies. With 15 = 
WAdpethey ace #6452 -0ut, Of phase with ythegnegativeny sc axis 
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at the start of acquisition (decoupler scheme £), a 
negative singlet of reduced intensity will result. If the 
decoupler is left off during acquisition (decoupler scheme 
F), a doublet with both components out of phase is 
obtained. 

With the spin-flip method [45] (decoupler schemes G 
and HH), the decoupler is off during the delay periods. 
Phase modulation is caused by applying a broadband 180° 1u 
pulse simultaneously with the 180° 13¢ pulse. As a 
result, the 13¢ nuclei which precessed faster before the 
180° pulses precess slower after the pulses and vice 
versa. This is shown by sequence D in Figure 22. This 
happens because the 13c¢ nuclei are coupled to lH nuclei in 
Opposite spin states before and after the 180° pulses. It 
should be noted from the figure that the phase modulation 
frequency in spectra measured by the spin-flip method is 
twice that of spectra measured by the gated decoupling 
method since the components of the multiplet are dephasing 
during both of the delay periods. 

With decoupler schemes E to H of Figure 21, the 
relative phase of the components of a multiplet at time 
2T> after the 90° pulse depends on the length of 12 
relative to 1/J. Figure 23 shows these’ phase 
relationships for the components of the various types of 


Le Mubeiplets asa function of the delay time 15 for the 
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Figure 23. Vector representations of the magnetization 
from quaternary, methine, methylene and methyl 
carbons following the re spin-echo pulse 
sequence in Figure 21 wath decoupler scheme = 
or F. The diagrams show the magnetization at 
the stant of acquisition asa Lunctvon On tic 


length of the delay time. 
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gated decoupling experiment (decoupler schemes E and F of 
Eigurer21).) If othe spin=flip technique as used, #the 
corresponding ty delay times will be halved. It should be 
noted that quaternary carbons do not undergo phase 
modulation since they have no directly bonded protons to 
cause 13c-1y spin-spin coupling. From these diagrams, it 
can be seen that the singlet obtained for a methine carbon 
measured with decoupler scheme E is inverted at a tp OF 
1/43. The singlet will be of reduced intensity since the 
intensity is the vector sum of the components along the y' 
axis. At a Tt) delay of 1/23, the resonances will have 
zero intensity since the two components lie along the 
positive x' and negative x" axis and thus cancel when ly 
decoupling is applied.) At ait) of 73/407" the singlet ais 
positivemandyors reduced sintensityewhile fatra 25 ofs i7a, it 
Is (positives and of EuULMY intensity, neglecting™1> 
relaxation. With decoupler scheme F, multiplet patterns 
are observed, however, the individual lines are phase 
modulated because the individual components of the nuclear 
magnetization are out of phase at the start of acquisition 
aswillustratedvinFigure 23% 

The diagrams of Figure 23 also show the relative 
positions ain the x‘-y' plane of the nuclear magnetization 


giving the individual components of CHy and CH3 multiplet 


patterns at the time of acquisition. It can be seen that 
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the singlet obtained from a methylene carbon with 
broadband 1H decoupling during acquisition will) be 
inverted, go to zero at To = 1/23 and then grow as an 
inverted signal as t> is increased up to 1/J. The ly 
decoupled singlet for a methyl carbon will also be 
inverted, go to zero at t> = 1/23 but then grow as a 
positive singlet as ty is increased up to 1/J. Equations 
describing the intensity modulation behavior for the gated 
broadband decoupling experiment are presented in Table 

>. Included in these expressions is a term accounting for 
Spin-spin relaxation effects. These equations are derived 
in the same manner as those presented in the previous 
section and listed in Table 3. The intensity modulation 
asa £Lunction of 71> predicted by these equations, 
neglecting T>5 relaxation, is shown in Figure 24 for the 
various types of carbon multiplets caused by coupling to 
directly bonded protons. The intensity or phase 
modulation caused by these directly bonded coupling 
interactions sis sthne Largest of all the 13¢-ly couplings 
and dominates the modulation behavior in 13¢ spin-echo 
spectra measured with decoupler schemes E to H of Figure 
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Taber: 


Equations Describing the Intensity Modulation of 


ly Decoupled, 13¢ Singlets 


l= Tg exp (-215/T>*)x'?) 


Carbon Type X 


eee 


Quaternary (C) i 
Methine (CH) cos (TJ) 
Methylene (CH>5) » a i COS (2m tu) 
2 yy 2 2 
3 1 
Methyl (CH3) t cos (mT.J) +> cos(31t5J) 


(a) Measured by the gated decoupling method. 
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=f 


fr) WJ 2/J 3/J 4/J 
Tz (SECONDS) 


Pa gune 24 Calculated) intensities, neglecting T.* re- 
laxation, of quaternary, methine, methylene 
and methyl carbon resonances in spin-echo 
spectra measured with decoupler scheme E in 


Bagure 21 as va Tunction Of thes length Ob the 


delay time. 
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BS Assignment of Carbon Types 


In this section, a method is developed for assigning 
13¢ resonances to methyl, methylene, methine and 
quaternary carbon types [22]. The method is based on the 
intensity modulation of ly decoupled 13¢ Singlets <n spin— 
echo spectra. The modulation could be generated using 
either the spin-flip or the gated decoupling methods. The 
gated decoupling technique was used in this work because 
Obeseveral Lactors.. First, with “the spin-flip method, the 
ly power level for a 180° ly pulse must be somewhat higher 
than the 1H power level required for broadband 
decoupling. Thus; this experiment is more dirficult as 1 
requires changing the ly power levels during the pulse 
sequence. Second, the spin-flip method requires that the 
power of the ly pulse be uniform over the entire ly 
Spectralsregion, which is extremely difficult to achieve. 

The strategy of the method developed can be seen by 
comparison of the different curves in Figure 24. 
Specifically, the intensity and the sense of the singlets 
depend on the carbon type. With three experiments, this 
dependence can be used to assign carbon resonances 
according to carbon type. In the first experiment, 
quaternary and methylene carbons are distinguished from 
methine and methyl carbons by measuring the spin-echo 


Spectrum with s15 = 1/J. As can be seen from Figure 24, 
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resonances from quaternary and methylene carbons are 
negative in intensity while those from methine and methyl 
Canbonsifare (ofepositive intensity. | In the next 
experiment, resonances for quaternary carbons are 
distinguished from those for methylene carbons by 
measuring the spin-echo spectrum using a 1t7 Of 1/2J. 
Examination of Figure 24 shows that at this delay time the 
ly decoupled singlets for CH, CH> and CH3 carbons are 
nulled, whereas the resonances for quaternary carbons are 
Still negative. In the third experiment, resonances for 
methyl carbons are distinguished from those for methine 
Garbons.’ Examination of the curves for CH and CH3 ‘carbons 
in Figure 24 shows that there is no delay time at which 
their intensities are radically different in order to 
easily distinguish CH from CH. “carbons... The major 
dwiterenceswoccur mround sthe? nuda points7ye that, is), ihe 
intensity changes rapidly with delay time in the region of 
thegnullpoint, tor the iWHhecarbons,. whereas, the schange ms 
more gradual for the CH3 carbons. CH carbons can be 
distinguished from CH3 carbons using this difference in 
behavior. The simplest way is to measure a spin-echo 
spectrum using the largest t7 delay at which the intensity 
of the CH3 resonance is still near zero, for example, 
approximately 3/53. At this delay time, the intensity of 


a singlet for a CH carbon is 0.309 Ig whereas that for a 
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CH3 carbon is 0.030 Ig. The disadvantage of this 
experiment, however, is that the spectrum will contain 
resonances from quaternary and methylene carbons which 
might interfere with the assignment if they appear close 
to the CH and CH3 resonances. A better procedure is to 
eliminate resonances for the C and CH» carbons by doing a 
difference experiment. The difference experiment is based 
On the fact that the intensity ef C and @€H> resonances is 
the same at delay times equally spaced on either side of 
the null point, whereas those for CH and CH, carbons are 
of opposite sign. Thus, if a spectrum measured with a 
delay JOfat> <> V725)>.a, where, 1/20 isthe delay ~time at 
the null point, is subtracted from a spectrum measured 
with ja, 1>,0f 1/23 +. a the € and CH, Eesonances are 
cancelled whereas the CH and CH3 resonances are 

adgitave ww acCalculations show thate2Z/ oul and. 37.00 cane 
appropriate for the two delay times. With these delay 
times, the intensity of the CH resonance will be 0.618 Ig 
and that of —the.CHs resonance will be 0.059 19,in the 
difference spectrum. 

Application of these experiments will be described 
later using cholesterol as an example. First, however, 1t 
is necessary to consider the magnitude of 13¢-ly coupling 
constants since they determine the delay times used in 


these experiments. Extensive tables of 13¢-ly coupling 
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constants are given by Stothers [46]. Representative 
examples are listed in Table 6. Examination of the table 
indicates that the magnitude of haze depends upon the 
hybridization of the carbon as well as the nature of any 
neteroatoms bonded to the carbon. Coupling constants for 
the sp? hybridized carbons in Table 6 are around 125 hertz 
Suggesting that this can be taken as a typical value for 
sp? hybnidized carbons... the effect of small ditterences 
from this value on assignments made by this method are 
discussed later. The coupling constants for sp? 
hybridized carbons are generally larger and vary over a 
much wider range, however, the assignment of these carbons 
is usually more straightforward than for sp3 hybridized 
carbons and other techniques can be used. 

The three experiments described above will be 
illustrated by assigning the 13¢ resonances of cholesterol 
topcarbons types. | Lhe spectra are presented) in Bigure 
25. In the experiments, an average ice Of BIZ ehertesz 
was used. Figure 25A presents the 13¢ spin-echo spectrum 
obtained with decoupler scheme E of Figure 21 using a T9 
delay of 0.008 second, corresponding to 1/J. The methyl 
and methine carbon resonances are positive and the 
methylene and quaternary resonances are negative. Figure 
25B shows the spin-echo spectrum at a T) delay of 0.004 


second, corresponding to 1/2J. At this ty delay, the 
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Table 6 


Representative One-Bond 13c-ly Coupling Constants for 


Hybridization 


sp? 


Sp 


Sp 


(a) 


State 


itigy lala 


Data taken from Stothers 


Various Carbon Hybridization States 


Compound 

CHy 

CH3CH3 

CCH AY) 4 

(CH3 ) 9C=C(CH3)5 
CH3C=CCH3 

HOCH 3 

HCOCH3 

CH3COCH3 

BCOCH3 

HOCOCH 3 

CNCH3 

N(CH3)3 
1,4-Dioxane 
CH5=CH9 

HCHO 

Sy, Oo Dime thy. Cyc Op rLopene 
Cyclonexene 
Benzene 


Imidazole 


Pyridine 


CH=CH 


[46]. 
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Spectrum contains only resonances from quaternary carbons 
allowing the assignment of the other negative resonances 
in Spectrum A to methylene carbons. The assignment of 
resonances to carbon types is completed with Figure 25C 
which shows the spin-echo difference spectrum obtained by 
Subtractimamthes tos — 9.0032) second Hi2/5d)_ RID Mt roma the 

te = +05.0048, second, (3/5) ) FID. Spectrum. C was, obtained by 
Fourier transformation of the difference FID. As 
described above, this experiment distinguishes between 
resonances from methine and methyl carbons. Thus, from 
the spectrum in Figure 25C, we can clearly determine that 
of the positive resonances in Figure 25A those at 56.91, 
DO. Oye 2D) 15 5ie pS Oly «2 006) And. 28.103 sppmy aces attributable 
to methine carbons. 

Since the delay times used in the three experiments 
described above were chosen for oY ecole ope PAE As) atone evan a ils 
is necessary to consider if erroneous assignments would be 
made if the coupling constants were different from this 
value. To answer this question, the intensities that 
wouldebe .obtained, for C,. CH, CH and \CHy :canbons, an.each 
of these experiments were calculated as a function of the 
coupling constant when delays are chosen for a coupling 
Gonstant of U5 hertzia . Theyresults sols the calcu lations 
for the first experiment in which methine and methyl 


carbons are distinguished from quaternary and methylene 
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Cartbons are presented in Figure 26. [t is clear from 
these results that the maximum intensities, both positive 
and negative, are obtained when the coupling constant is 
iZaeheriz. “However, these results also andicate: that 
erroneous assignment of resonances to the C, CH> and the 
CH, CH3 classes is unlikely since the resonances for C and 
CH5 carbons are negative as J varies from 80 to 170 hertz 
endeehese for (CH and Cia "carbons “are positives over tiis 
range. The results of the calculations for the second 
experiment in which quaternary carbons are distinguished 
from methylene carbons are shown in Figure 27. Again, 
these results show than an erroneous assignment is 
unlikely unless the coupling constant is very different 
from 125 hertz. At the extremes of the range of coupling 
constants shown, resonances for the methylene carbons 
never become greater than 29% of their full intensity. 

The results of the calculations for the third experiment 
are, shown in Figure 28. In this experiment, san) ecrrnoneous 
assignment of a resonance to a CH3 carbon rather than a CH 
Carbon or vice versa could occur if the’ intensity “cfya CH, 
resonance 1S Similar to that of ‘a CH resonance. ~The 
Curves in Figure 28 indicate this 1s the icase at~ the 
extremes of the coupling constant range shown. However, 
these curves show that for the coupling constant range 


typical of sp? carbons (see Table 6) the CH resonance is 
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Figure 26. 
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The intensity Of ly decoupled, ae Singlets 
resulting from a spin-echo experiment with 
WF a 0.008 second and decoupler scheme E of 
Figure 21 as a iunction Of se 1 fom the 


various carbon types. 
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considerably more intense and thus an erroneous assignment 
is unlikely. For example, the intensity of a CH resonance 
having a ais Sei of 105 hertz is 0.505 Ig, whereas that 
FOR asChjeresenance is¥0 7)200ig, while for agcoup ling 
comsitant, Ofel45 "hertz the intensity of a°CH resonance is 


0.690 Ej eand sehateot va CHa sis 021194 Io. 


F. Generation of Subspectra 


As described above, a subspectrum containing only 
resonances from quaternary carbons can be obtained with 
the spin-echo experiment using a Tt delay of 1/2J and 
decoupler scheme E or F of Figure 21. This provides 
considerable spectral simplification if one is only 
interested in quaternary resonances. In this section, 
additional methods are described for spectral 
simplification through the measurement of subspectra 
containing resonances from either methylene and quaternary 
carbons or methyl and methine carbons [22]. The basis of 
the method is the phase modulation of resonances in spin- 
echo spectra. 

The subspectrum containing resonances for methylene 
and quaternary carbons can be obtained by adding the spin- 
echo spectrum obtained with decoupler scheme E to that 


obtained with decoupler scheme A at a delay time of 
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t= 1/7J.) SAt this delay time; the resonances in the first 
Spectrum are negative for quaternary and methylene carbons 
and positive for methine and methyl carbons, whereas in 
the second spectrum the resonances are all negative. 

Thus, in the spectrum obtained by addition, the 
intensities of the quaternary and methylene carbons are 
additive giving an intensity of -2I9, whereas those for 
the methine and methyl carbons cancel. Subtraction of the 
Same two spectra will result in a subspectrum for the 
other carbon resonances. 

Figure 29 shows the subspectra measured for 
cholesterol by the subtraction of the two spin-echo 
spectra described above (Figure 29A) and by the addition 
of the two spin-echo spectra (Figure 29B). The two spin- 
echo spectra were measured using a Ty delay of 0.008 
second, corresponding to an optimal SS al Of 25 
hestez.. The top subspectrum in Figure 29° contains (the 
methyl and methine carbon resonances while the bottom one 
contains the methylene and quaternary carbon resonances. 
The procedure used to obtain these subspectra involved 
performing the two different spin-echo experiments in 
alternate scans. The FIDs for the two experiments were 
collected in different regions of memory. Spectrum A was 
obtained by subtracting the FID measured with decoupler 


scheme A from that measured with decoupler scheme E and 
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Fourier transforming the difference FID. Spectrum B was 
obtained by addition of the same two FIDs and Fourier 
transformation of the resulting FID. The above procedure 
Was USe€q (CO collect ‘the PIDs since small’ dritts an 
magnetic field) and other instrumental "factors will affect 
both Fibsemore or less equally. Alternatively, the two 
Fibs” coutd be collected one at a time in ‘the conventional 
manner and then added and subtracted to produce 
subspectra. However, any instrumental variations will not 
affect the two FIDs collected equally. This can lead to 
the imperfect cancellation or addition of resonances in 
the subspectra obtained. The generation of subspectra can 
also be carried out using the Fourier transformed spectra 
rather than the two FIDs, however, slightly better phasing 
and nulling of resonances is obtained when the addition or 
subtraction 1s carried out on the FIDs themselves. 

As shown in Figure 30, the same two subspectra can be 
obtained with full proton coupling if the above 
experiments are carried out with the decoupler gated off 
Gitinguacquisition, This “corresponds; tomthe sce of 
decoupler schemes B and F in Figure 21 in place of schemes 
A and E, respectively. Alternatively, the decoupler can 
be turned off for the whole spin-echo sequence as well as 
at acquisition (decoupler scheme D) instead of using 


decoupler scheme B since the result as discussed for 
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Figure 22A and B is identical. Figure 30A and B show the 
coupled subspectra for the methine and methyl and the 
quaternary and methylene carbons, respectively, of 
cholesterol. The fully coupled spectrum measured by the 
Single-pulse experiment is presented in Figure 30C for 
comparison. 

This method for generating subspectra assumes that in 
the spin-echo spectra obtained with decoupler schemes E or 
EP@the sresonances are at stull antensity, positive or 
negative depending on the carbon type, so that there is 
complete cancellation of methine and methyl resonances or 
quaternary and methylene resonances when the FIDs are 
added or subtracted, respectively. From Figure 24, it is 
clear that this will be the case only when tj = 1/J. When 
this condition is not perfectly satisfied, there will be 
small peaks in the subspectra due to imperfect 
cancellation. To determine the dependence of the 
intensity of these small peaks on the coupling constants, 
their intensity was calculated as a function of suhgjeeieee 
The results, of the calculations £or the quaternary= 
methylene carbon and the methine-methyl carbon subspectra 
are shown in Figures 31 and 32, nespectively. These 


calculations were done for the condition that Ty) = 0.008 


second, that is T9 = PAS sEorn wd v= — 2 oe hecez. 
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Pigure 31. 
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Figure, 32. 
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The curves for the CH and CH 3 carbons in Figure 31 
indicate that larger residual peaks are to be expected for 
methyl resonances. However, the curves also show that 
these peaks will be of relatively small intensity as 
compared to those from the C and CHy carbons. For 
example, at J = 135 hertz, the intensity of the resonances 
for the four carbon types are -2Iy for quaternaries, 
=070S) "1g for methines, “=1.938 19 tor methy tenes “and 
-0.091 Ip for methyls. The curve for CH2 carbons in 
Figure 31 indicates that as “Ug ile deviates from the 
optimal value, the intensity of a CH» resonance 
decreases. In contrast, the intensity of the quaternary 
carbon resonance is independent of J since it is not phase 
modulated. Similar conclusions are reached from Figure 
32 aS UDB ie deviates from the condition tz = l/J, 
there is imperfect cancellation of the CHjg resonance, 
however, there is perfect cancellation of the quaternary 
carbon resonances since these resonances are not phase 


modulated. 


G. Measurement of Ue reeays Coupling Constants 


Carbon-proton coupling constants can be measured 
directly from ly coupled 13¢ spectra in many cases. For 
example, in Figure 30C coupling constants can be measured 


directly from the quartet and doublet patterns at eee) 
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and 50.33 ppm. However, this is sometimes difficult or 
impossible due to the overlap of multiplet patterns, for 
exampleeinwtne 5 5to 45 ppm region of sFigure 30G.. Im this 
section, two methods based on the spin-echo technique are 
described for measuring iene (22Nee 

ine the first method, the problem of overlap is 
Eeduced to some extent by wsing the fully ‘coupled 
Subspectra measured by the spin-echo difference technique 
described in the previous section. The results in Figure 
30 show that for cholesterol subspectra containing only 
quaternary and methylene or methine and methyl resonances 
are far less congested than the fully coupled spectrum 
containing resonances from all the carbons. Coupling 
constants which cannot be obtained from the complete 
Spectrum due to spectral overlap can be obtained directly 
from the two subspectra. The coupling constants obtained 
from the subspectra are listed in Column 4 of Table 7. 
For comparison, those coupling constants which can be 
measured directly from the fully coupled spectrum 
(Specturumeceuin Fagure 30), are 2isted in Column 3." Not tal 
the coupling constants can be determined unambiguously 
from this spectrum. However, there is sufficient spectral 
simplification in the subspectra to allow the direct 
measurement of all the directly bonded 13¢-ly coupling 


constants. The values obtained from these two measurement 
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One-Bond 13c-1ly Coupling Constants of Cholesterol 


Carbon'@) carbon J13 
Position Type 


1 CH, 
2 CH 
4 CH 
7 CH 
8 CH 
9 CH 
10 C 
11 CH 
12 CH 
13 € 
14 CH 
is CH 
16 CH5 
iby CH 
18 CH 
19 CH3 
20 CH 
22 CH 
23 CH 
24 CH 
25 CH 
26 CH3 
Di CH3 


c-ly 


265.8 
Tez 


1225.05 
(e) 
ZAG 
(e) 
(e) 
Meare ae) 
Ais) 
(e) 
(e) 


Resonances from carbons. 3, 


spectral window used. 


(b) ee Siete oe 
2 ere 2 tak 
P2954 eZ Taal 
IZA onl 2 Diese 
de ieee 2572 
126.4 126.8 
124.6 eee 
L259 124.5 
IPRA) 25.8 
Ze 2 Seay L 
W285 1 2 Bra2 
2 ANAT es Gi) 
124.6 2 She, 
124.6 UZ42 
WPT ei) 124.5 
We ey 5) MERE) 
124.6 124.4 
126.4 L23°5:4 
124.6 124.3 
P2575 P2335 
LZ reee L235). 
23.3 124535 
124.6 123.2 


5 and 6 fall outside the 


In Hz. Measured directly from Spectrum C in Figure 


ij eUncertaimty ot *1.8enz0duen to Uigieal resolution. 


Measured directly from the fully-coupled subspectra in 


Figure 30. Uncertainty of +1.8 Hz. 


Determined indirectly by fitting intensity modulated 
singlets in spin-echo spectra measured with decoupling 


scheme 2 ain) Figure 21, to the equations in Table 5. 
The average standard deviation of the estimates as 


calculated by the non-linear least-squares program is 


Fe OL Zire 


Could not be measured due to overlap. 
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procedures agree within the precision of the measurements 
which is limited by the digital resolution of the spectra. 
Im thes second method, the coupling constants are 
determined indirectly from the intensity modulation of the 
ly decoupled 13¢ Singlets in a series of spin-echo spectra 
measured as’ ariunction of the ‘delay time. ~Simtlar’ co the 
method described previously for determining proton-proton 
coupling constants, this method involves fitting the 
intensity data for a series of intensity modulated 13¢ 
resonances measured with decoupler scheme E of Figure 21 
at various Tt 5 delay times to the equations presented in 
Table 5. The intensity modulation of the proton decoupled 
Singlets for carbons 17, 1 and 21 of cholesterol which are 
methine, methylene and methyl carbons, respectively, are 
shown in Figure 33. The directly bonded carbon-proton 
coupling constants obtained by non-linear least-squares 
fletangvot data of this type to the appropriate equation 
imetable oS are presented in Column 5 of Table) 7. 931), Tp 
and J were treated as unknowns in the non-linear least- 
Squares calculations. The %solid) curves fin’ Higure 133 gare 
the theoretical curves predicted by the parameters 
obtained from the non-linear least-squares calculations. 
In the case of carbons 4 and 13, a methylene carbon and a 
quaternary carbon, respectively, the resonances overlap me) 


the decoupled spectrum. The coupling constant for the 
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Figure 33. 


0.010 0.020 0.030 0.040 


The singlets obtained with decoupling scheme E 


in’ Figure 21 for the methine carbontat’ 56.29 
Pomel top). the methylene carbon ates /.20)ppm 
(middle) and the methyl carbon at 18.78 ppm 
(bottom) as a function of the length of: the 
delay interval. ~ The smooth curves are pre- 
dicted with the parameters obtained from the 
non-linear least-squares fits of the data to 
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methylene carbon was obtained by fitting the intensity 
data to a composite equation containing expressions for 


both carbons. 
(herent 27 oN oee 1 2ecost atl reat 
png (Seep oh2/ ina)! (16) 


The carbon-proton coupling constants’ quoted in Column 
5 of Table 7 were obtained from non-linear least-squares 
Prcs, on data Sscts containing 37 intensity verus 15) data 
points. To determine if the number of data points can be 
reduced with no significant loss in the precision of the 
“Diggem, Values, the non-linear least-squares “calculations 
were done on several smaller data sets derived from the 
complete data sets. It was found that better results were 
obtained with the smaller data sets if a relatively large 
range of tT delay times were used rather than a small T9 
range by comparing non-linear least-squares calculations 
conducted on data sets containing every second, third or 
fourth data point to non-linear least-squares calculations 
on truncated data sets. For example, if only the first 15 
points were used, the uncertainty in the estimated 
coupling constant increased approximately threefold, 


whereas if every third spectrum was used (13 points), the 
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uncertainty approximately doubled. Data sets containing 
ten points with a wide to range were considered adequate 
toryield yialmly “precise ‘coupling constants)tin most 
instances. 

Several trials were conducted in which the wrong 
equation was used to fit the data in the non-linear least- 
Squares procedure. Extremely poor results were obtained 
for all improper combinations of equations and intensity 
modulation data other than for fits of methine data using 
the methyl equation and vice versa. In these instances, 
where the modulation behavior of the two carbon types 
involved differs significantly only in the region about 
Eo =)b/25 “(see jPigure 24)), “the use?’ of “the “incorrect 
equation always resulted in a somewhat larger standard 
error value for the coupling constant although the 
magnitude of Seyi itself was very close to that 


obtained using the correct equation. 


Be Discussion 


The spectra in Figure 25 demonstrate that 13¢ 
resonances can be unambiguously assigned to methyl, 
methylene, methine and quaternary carbons by the spin-echo 
technique with gated proton decoupling. Spectrum A 
separates the resonances into two groups, as indicated by 


the sense of the resonance, with resonances from methyl 
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and methine carbons being positive in intensity and those 
from methylene and quaternary carbons being negative in 
intensity. Spectra B and C complete the assignment, with 
Spectrum B identifying the quaternary resonances and 
Spectrum C differentiating between the methyl and methine 
resonances. The carbon type assignments afforded by the 
Ehree spectra of Figure 25 aré totally unambiguous 
compared to the single frequency off-resonance decoupling 
technique (Figure 17B) where severe assignment 
difficulties are found in the congested regions of the 
Spectrum around 32 and 24 ppm. As well, assignment errors 
due to temperature induced chemical shift changes present 
in the off-resonance experiment [44] are avoided with the 
spin-echo gated decoupling scheme. The spectra in Figure 
25 when compared to those in Figure 17 A and B clearly 
provide a more reliable technique for the assignment of 
resonances to carbon types, particularly in the 13¢ 
Spectra of large molecules. 

Spectrum A in Figure 25 provides all the information 
of the standard broadband, proton decoupled experiment 
(Spectrum A in Figure 17) and, in addition, distinguishes 
methyl and methine carbons from methylene and quaternary 
carbons. The chemical shift information in both spectra 
is identical owing to the fact that the same duty cycle 


and power levels are used so that the sample experiences 
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no temperature Changes. In fact; more chemical shift 
information may be obtained if overlapping peaks are 
separated on the basis of carbon type as is the case for 
cholesterol carbons 7 and 8 which overlap to give the 
resonance at 32.02 ppm in Figure 17A whereas they are 
Gwearty distinguvoned ate 31.99 “and 32, 06sppm, 
respectively, in Figure 25A. Of course, in the case of 
precisely overlapped resonances such as carbons 4 and 13 
of cholesterol found at 42.45 ppm, separation will not be 
noted although a cancellation effect is possible if the 
two resonances have different senses. The S/N ratio is 
the same in both spectra, neglecting T7* effects in the 
spin-echo experiment which should be small at the short Ty 
delay times used, since the full nuclear Overhauser effect 
developed in the single-pulse experiment with broadband 
decoupling is retained in the spin-echo experiment with 
decoupling scheme E in Figure 21. Thus, for many 
compounds the spectrum with broadband decoupling is not 
necessary. In those cases where some of the 13¢ 
resonances are quite broad or where quaternary or 
methylene carbons overlap precisely with methine or methyl 
carbons, the single-pulse spectrum may be required. If 
the spectrum contains very broad resonances, they may be 
considerably reduced in intensity due to spin-spin 


relaxation during the delay periods. 
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The phase modulation behavior of carbon multiplets is 
independent of spectrometer frequency since it depends 
only on the magnitude of the directly bonded 13c-14 
cOuplangeconstanmts.. The choicesof 125ahertz as aytypical 
value for sone eee for an sp hybridized carbon and, 
therefore, the use of T9 delay times of 0.008 second for 
1/30. 0048Nsecond, for 3/53, 0:004) seconds for. 1/2) and 
0.0032 second for 2/5J was appropriate in the case of 
cholesterol, Asmishowny bys thes results ant Figures 26 to 28, 
these delay times should be appropriate for virtually all 
sp3 hybridized carbon atoms since erroneous assignments 
are unlikely for the normal range of coupling constants 
for these carbons (Table 6). For compounds containing 
carbon resonances with larger carbon-proton coupling 
constants, for example vinylic carbons or carbons in 
saturated or unsaturated heterocycles (Table 6), a more 
appropriate value for Tey eths can be chosen from the 
extensive tables for one-bond coupling constants of 
representative compounds given by Stothers [46]. These 
carbons, however, do not generally present assignment 
problems. As indicated in Figures 26 to 28, ‘moderate 
variations in the !3c-1!H coupling constants from that of 
the optimal value for which Ty is chosen can be safely 
tolerated with no assignment errors over a range of about 


+20 hertz around the coupling constant used to determine 


ipiotey W843 values. 
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Recently, several investigators have proposed the use 
of very similar and in some cases nearly identical [47] 
techniques to those presented in this work for the 
assignment of resonances to carbon types in 13¢ spectra. 
ihe use Gl "the spin-flip method involving the applicatvon 
OEva Le0eepulse*to the sproton’spins! at, thermidpomnt eof ethe 
136 spin-echo sequence instead of broadband decoupling for 
One of the evolution periods yields the same results 
[45]. As mentioned earlier in this chapter, two 
disadvantages of this method are that the 180° ly pulse 
has to have a uniform power distribution over the entire 
ly frequency range and it is necessary to use different ly 
power levels for the 180° ly pulse and broadband ly 
Gecoupling during acquisition. The so-called attached 
PEOton "test “for 13¢ spectra utilizes a double spin-echo 
sequence with the broadband ly decoupler off for one of 
Ene Evolution periods of “the first “spin-echo te assign 
carbon sites [48]. As well, an assignment technique based 
on a double spin-echo sequence employing the spin-flip 
method for the first spin-echo and broadband decoupling 
for one of the evolution periods in the second has been 
proposed [49]. 

Other techniques which rely on the modulation of the 
13¢ Spectrum by proton coupling have been proposed for 


assignment purposes including the delayed INEPT 
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(insensitive nuclei enhanced by polarization transfer) 
[50] and the refocussed INEPT [51,52] experiments. The 
pulse sequence for the INEPT experiment without 


refocussing is: 


907 2186. a eG Oh S Adan sa ee 
1°) ie cee ee it MBs Sig MU Acquisition 


(Sequence V) 


As indicated by this pulse sequence, it is necessary to 
apply 180° and 90° pulses to the 1H and !3c nuclei 
Simultaneously and to shift the phase of the 180° and 90° 
ly pulses [53]. The INEPT experiments are thus much more 
demanding of the spectrometer than the spin-echo 
experiments described in this work. Also, in the delayed 
INEPT experiment, a large phase variation is introduced 
across the spectrum [50]. In the spin-echo experiment, 
the only decoupler requirements involve the ability to 
Gaceuthne decoupler on vand) off over Che course sof the 
experiment. 

Several techniques relying on modification of the 13¢ 
spectrum have also been proposed for assignment 
purposes. Multiplication of the second half of the echoes 
from a series of spin-echo sequences of differing Lengths 
of the evolution period by suitable masking functions is 


One stich method [54,55]. Another involves the scaling of 
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the carbon-proton couplings throughout the entire 13¢ 
spectrum as an alternative to off-resonance decoupling 

[oO on le) these, so-called J-scaling methods rely on the 
ability) ton perform ly Spin flips between carbon-13 
acquisition sampling points which is available in only a 
few laboratories. As with the usual off-resonance method, 
J-scaling suffers from reduced sensitivity due to the 
splitting: Of intensity into’ several. lines and 
uncertainties in assignment in crowded regions of the 
Spectrum. Subspectra containing only resonances from non- 
protonated carbons can be obtained from spin-echo spectra 
measured with inefficient proton decoupling [58], however, 
this method would seem to offer no advantages over the 
spin-echo experiment with gated decoupling using a 19 of 
1/23. As well, assignment methods based on J-resolved 
[18,59] and correlation [60,61] two-dimensional NMR 
techniques are available but are time consuming to carry 
out. 

Tieespectra: ine Figure S0sand the: resultss lasted jin 
Tablesimindicate the utility ofeusing fully coupled 
subspectra for the measurement of directly bonded 13¢c-ly 
coupling constants. Good estimates of these coupling 
constants are also obtained by analysis of the intensity 


of Jn decoupled, 13¢ singlets measured as a function of 


To. This approach should be applicable to quite large 
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molecules since measurements are made on fully decoupled 
spectra. It should be noted that even in cases involving 
Superimposed resonances this technique can be utilized as 
long as the non-linear least-squares fits are performed 
using a composite equation describing the behavior of both 
components of the superimposed line. The use of intensity 
modulation analysis is to be preferred over the use of 
subspectra in cases involving a large range of carbon- 
proton coupling constants where subspectra may be 


difficult to generate by using an average value for 


il , 
However, in cases where subspectra can be 


Vjeathee 
successfully generated using a compromise SU neyguike value 
the measured coupling constants at the limits of the 
eines ly range Will) nOty bern. Error isince, At jis. the 

G=—H 
positions of the resonances in the subspectra that are 
important not their intensities. 

Longer range couplings such as geminal (13c-c-1H) or 
vicinal (13¢-c-c-1n) couplings will, produce contra butions 
to the intensity modulation of 13¢ resonances which are 
included in the Gye term of the non-linear least-squares 
procedure since such couplings are much smaller than the 
directly bonded carbon-proton couplings and will, thus, 
modulate at much lower frequencies. Typical values for 


aliphatic geminal and vicinal coupling constants, Ras 


and 3g are around one to six hertz [46]. In the 
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measurement of proton-proton coupling constants, longer 
range couplings were observed to produce minor secondary 
modulations in the intensity versus i> behavior Of 
decoupled singlets. This is because the magnitude of the 
longer range coupling constants were not as different from 
the Puieyssile values as they were in the case of the 
carDon-proten coupling constants. 

The results of using smaller data sets with a wide 19 
range rather than a restricted Ty range in measuring the 
carbon-proton coupling constants conforms to what is 
intuitively expected. The wide ts range will allow better 
definition of the intensity modulation behavior and any 
random fluctuations in peak intensity will have less 
SEeeccemtiannUnmcCases 1 nVOlLvVangEan Eesti ected rangeno rma, 
delay times. 

Several other methods have been described for 
measuring 13¢-1y coupling constants in spectra where 
overlap of multiplet patterns prevents direct measurement 
including methods based on selective excitation with gated 
decoupling [62-64]. These methods require a number of 
experiments equal to the number of multiplets to be 
observed and also require more signal averaging per 
experiment since the intensity is distributed over the 
multiplet patterns. Overlapping multiplets can also be 


separated to allow the measurement of Oe yates by two- 
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dimensional Spectroscopy [18,59,60] but this approach as 


noted previously is time consuming. 


CHAPTER *LV 


DIFFERENTIAL SPIN-SPIN RELAXATION OF ly NUCLEI ON 


COMPOUNDS OF VARYING MOLECULAR WEIGHT 


TNS PMnerOduUCctd On 


Generally, spin-spin relaxation times for the various 
nuclei present in a sample are quite different. The range 
OF T> relaxation times for the ly nuclei of the various 
compounds of a sample can be used to provide a means of 
spectral simplification and resolution enhancement in ly 
NMR spectra [6,15]. Such resolution enhancement is based 
on discrimination against the larger compounds which have 
the shorter Ty relaxation times. The resonances from 
these compounds are eliminated from the spin-echo NMR 
spectrum while those from the smaller compounds are still 
present and thereby significantly more resolved. 

The processes which govern the rate of spin-spin 
relaxation comprise those which generate either static or 
fluctuating magnetic fields in the sample. These include 
magnetic dipole-dipole interactions, chemical shift 
anisotropy, spin rotation, scalar coupling, paramagnetic 


center effects, spin-spin exchange and orientation effects 
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of one sample nucleus in relation to other nuclei [65]. 

The Tj relaxation rate is often dominated by dipole-dipole 
interactions. When this is the case, the expression which 
describes the Ty relaxation time for two nuclei separated 


by a distance r is [66]: 


Maes glint) 
Tee omeiG eee (17) 
‘ 
where: 
ae 2T 
f(t _) = 3tT_| + ———,—; + Sic ae See) aa C3) 
e c ena roe ea 
OS Gc Oc 


jets? the resonance frequency of “the nuclei involved and 
Teo etie correlation time. “the correlation time wis ya 
measure of the mobility of the molecule. It is a 
parameter describing the characteristic time scale of 
molecular motions in solution. Typical values for 1, 
range from 3 x 107-12 second for H50 to about 1078 second 
for a protein of molecular weight 20,000 [67]. [In 
general, the larger the compound the more restricted is 
its mobility in solution and the longer the correlation 
time becomes. !H nuclei of larger molecules with longer 
correlation times tend to have shorter Tj relaxation times 
while those of smaller molecules with shorter correlation 


times have longer Tj values. T) is thus proportional to 
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- The relationship between tT, and Ge ae is shown 


é 
Graphically in Figure 34 for ly nuclei at a resonance 
frequency of 360 MHz. The plot is non-linear in the 
region where WoT. approaches unity, which includes the T, 
range for most molecules of moderate size. 

In this chapter, a study of the T> relaxation 
behavior for a variety of compounds was carried out in 
order to evaluate the rate at which spin-spin relaxation 
eccurs for compounds of differing molecular size during 
the spin-echo experiment. Although the use of the spin- 
echo method for resolution enhancement on the basis of 
different Ty relaxation times has been presented earlier 
[6,15], the detailed dependence on molecular size has 
never been studied. This provides the basis for an 
empirical choice of ts) delay time to eliminate resonances 
for compounds. above a certain molecular size. It also 
allows the delineation of the relationship between the 
molecular size of a compound, as measured by its molecular 
weight, and the 1, relaxation times for the protons) of Gthe 
compound. 

The application of Ty discrimination occurring during 
the spin-echo experiment to the measurement of the NMR 
spectrum of small molecules in the presence of obscuring 


macromolecules is well known [6,14,16,68]. It is shown in 


this chapter that a useful application of such Ty 
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discrimination experiments is the qualitative 
determination of the presence of small molecule 
contaminants in protein solutions. The procedure involves 
measuring a spin-echo spectrum with a sufficiently long io) 
delay time such that the resonances from the protein are 
eliminated in the NMR spectrum while those from smaller 
contaminant molecules will still be observed. This is 
used to monitor the effectiveness of cleanup procedures 
applied to the protein solution by monitoring the 
intensity of the contaminant resonances. This procedure 
was used to Eollow the cleanup of assolution of 
commercially obtained bovine serum albumin (BSA) and in 
the preparation of a hemoglobin solution from a sample of 
hemolyzed human erythrocytes utilizing dialysis [69] as 


EheSpuLibrcatlon procedure. 


Bape oestudies son a Serves of Compounds) of Increasing 


Molecular Weight 


The measurement of spin-spin relaxation times in 
solution is generally accomplished using either the simple 
spin-echo experiment [1] or one of its more elaborate 
modifications which eliminate diffusion effects [10,11]. 
The determination of Ty values for the various protons of 
a compound is achieved by plotting the natural logarithm 


of the intensity of each resonance against the total 
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length of the evolution period over which spin-spin 
relaxation is occurring. In the spin-echo experiment the 
evolution period is 2t, while in the Carr-Purcell and 
Canr=Purnce: l=Meiboom-Gill (CPMG) modifications it 1s 

(27> Js the slope of thes resulting linear relationship 
is the negative reciprocal of the fT, relaxation time. For 


the simple spin-echo experiment: 


2T. 
oS 


ln 125 Sely ors (aS) 
were il jeise thewinitialyintensity sorwthe: “wesonance Under 
study and Dees VSsSits mtensity al time e275. 

For resonances belonging to multiplets, which are 
phase modulated as T5 is varied, t>) delay times 
corresponding to points where the multiplet is in-phase or 
18 0°sout-of—phases (inverted ) smustebe -chosen Sunless =the 
CPMG pulse sequence is used with very short tz delays such 
Enate thes ts0°mpulse = repetitionwerate us fast compared with 
the range of resonance frequencies. This will inhibit 
phase modulation from occurring over the delay periods 
[13]. An alternative means of dealing with phase 
modulation is to display the spectrum in the absolute 
value mode as a power spectrum [13]. 

Spin-spin relaxation times were measured with the 


spin-echo technique for the proton resonances of compounds 
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having a wide range of molecular weights, from 75 g/mole 
to 68,000 g/mole. At the low molecular weight end a 


series of glycine peptides were used: 


O 


Oo 
{ | ae 
GLYCINE PEPTIDE *NHaCH..C(NHCH,¢ )NHCH.CO 
gCH, 2 902 
n 


where n vanged from 0 to 4. The values for the measured 
Poprelaxat ion times "are) listed in Table Stor olycine, 
Giglycine (n = 0), triglycine (n = 1), tetraglycine (n = 
2), pentaglycine (n = 3) and hexaglycine (n = 4). The two 
equivalent protons of each amino acid residue are labelled 
Dy by ce DD, BE er Pebegqinning at the end of =the molecule 
containing the terminal amino group. Figure 35 is an 
example of a series of spin-echo spectra, measured at 
increasing t> delay times, for “diglycine from which tne 15 
relaxation times were evaluated. Similar series of 
Spectra were measured for the other glycine peptides. 
Plots of intensity of the various resonances versus T5 
delay time, normalized to one at a Ty delay of zero, are 
presented for each of the glycine peptides in Figures 36 
tou4i. 

The assignment of resonances to the protons for (each 
glycine peptide was carried out by collecting single-pulse 


spectra for each peptide as a function of pH* and 
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T (Seconds) 


A series of spin-echo Spectra at various Tt 


delay times for diglycine from which T 


relaxation times) can be evaluated, 
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monitoring the chemical shifts of the various 
resonances. The results of these experiments are 
d¥vagrammed in’ Figures 42 to 462 The rationale behind the 
assignments is that the effects of protonation or 
deprotonation of the terminal amino and carboxylate groups 
on the chemical shifts of the methylene protons of the 
glycine residues decreases the further removed the protons 
are from the functional group [70]. Since the systems are 
in fast exchange [71], the observed chemical shift is a 
weighted average for each resonance at a certain pH* which 
depends on the protonation states of the two functional 
groups. Protonation of either the amino or carboxylate 
group always gives rise to a downfield change in the 
chemical shift of the neighbouring glycine protons [72]. 
The carboxylate group deprotonates at a lower pH* than the 
ammonium group. Typically, the carboxylate pK, is around 
3 to 3.5 while the ammonium pK, is generally about 8 to 
siesen WNIASSI Ee 

imeLact,) the OK of both the terminal amino and 
carboxylate groups for each glycine peptide can be 
determined by fitting the chemical shift versus pH* data 
for the resonances of the nearest protons to these 


functional groups to an equation of the form [74] 
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where 6, is the observed chemical shift and éfc, 6yc and 
6c refer to the jchemical shifts of the fully protonated 
Species, the protonated amino and deprotonated carboxylate 
species and the fully deprotonated species, 

respectively. ln practice, it is usually better to tit 


the experimental data to the equation: 


tole = PN ee 


when the resonance involved is affected by only one of the 
two functional groups on the peptide. The other 
functional group is separated by the intervening glycine 
residues and has a negligible effect on the chemical shift 
Ob ythe resonance under consideration... Ime this case, on, 
and eon EeLer to Sue and é6yq in determining an ammonium pK, 
and énc and Nc for a carboxylate pk,- Table 9 presents 
the “experimentally determined pK. values=for the amino and 
carboxylate groups of the glycine peptides from diglycine 
to hexaglycine as determined in D,0 by fitting the 
chemical ‘shift versus pH* data in Figures 42 to 46 to 
Equation 21 with KINET. The measured values for the 
carboxylate pk,'s are very Similar in magnitude with an 
average value of 3.41. The ammonium pK,'s are also close 


to each other with an average of 8.20 for the five pK, 
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values determined. For comparison, literature values for 
H50 solutions are also listed [75]. 

As an example of the assignment scheme for the 
peptide protons, the case of tetraglycine (Figure 44) will 


bewconsidered in detail. As the pH* is lowered from above 


O O O 
+ ! 
TETRAGLYCINE NH3CHCNHCH,CNHCH,CNHCH, CO} 


pH* ll the amino group will become protonated first. The 
A protons being closest to the amino group will experience 
the greatest shielding changes and thus the greatest 
change in chemical shift and can be assigned as indicated 
in’ Figure’ 44. iThe B protons are the next nearest to the 
protonation site and have the next greatest change in 
chemical shift as shown in Figure 44. The effect of 
protonation of the: amino™ group on ther C and D= protons is 
very slight due to their greater distances from the 
protonation Site. “As the pH™ continuess toy Grop “the 
carboxylate group eventually protonates. Here the A and B 
protons are little affected while the D protons being 
closest to the protonation site experience the largest 
chemical shift change as shown in Figure 44. The C 
protons also experience some shielding changes as recorded 
in Figure 44 and can either be assigned on this basis or 


by the process of elimination since the other protons have 
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already been assigned. Thus, at the pH* at.which. the T5 
measurements shown in Table 8 and diagrammed in Figure 39 
wereamade,, piH~ 7.35, the: resonances at 3.77, 3.80, 3.98 
and, 4.04, ppm correspond. to the. D, A,.C and B protons, 
respectively. 

Similar methods for the assignment of protons to 
resonances were employed for the other glycine peptides 
Sstudiedeiragures 42, 43...45, and, 46.) Dhe chemical shifts 
for the resonances of the two terminal glycine residues 
are always further upfield, except for the protons of the 
tepminal residue containing .the carboxylate group at very 
low pH*, which implies shielding by the two functional 
groups, particularly in their deprotonated forms. The 
shielding changes on protonation are greater for the amino 
group than for the carboxylate group as indicated by the 
magnitude of the chemical shift change for the adjacent 
protons in each case. 

Thepewas: aneinat tal vdropiin the Woy walies | (labie 33) 
ineqeung eeromglycinesto diglycine sbut very euittleschange 
thereafter in the average Tj relaxation times among the 
VanrlLous glycine, peptides. This implies a, reduction in the 
molecular mobility of the peptides over that of glycine, 
which may be due to the restrictions imposed on rotation 
by the loss of spherical shape in the peptides. The lack 


of additional decreases in Tz relaxation times with 
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increasing chain length tends to support this view. In 
all the glycine peptides studied, the Tj relaxation times 
of the two terminal glycine residues tend to be longer 
than those of the protons of the internal glycine residues 
which reflects the increased mobility of the terminal 
residues of the molecules. As well, the protons of the 
internal glycine residues show a trend towards decreasing 
Ty relaxation times as one moves from the terminal amino 
group towards the terminal carboxylate group. The pH* at 
which the I> measurements were made “appears to alter the 
observed relaxation times somewhat, as experiments 
performed at two different pH values for triglycine 
demonstrate. At a pH* of 7.32 Ty values for the A, B and 
C protons of triglycine were measured as 0.300, 0.228 and 
0.300 seconds, respectively, while at a pH* of 5.92 the 
measured relaxation times were found to be 0.604, 0.275 
and 0.348 seconds. The Ty relaxation times at the two pH* 
values are not orders of magnitude different although the 
observed differences are significant. The effect of pH* 
on the measured Ty values was minimized in the T9 
determinations by adjusting the pH* of the glycine peptide 
solutions to be approximately the same. 

A number of higher molecular weight compounds were 
also studied in order to determine typical Tz relaxation 
times for their protons. A T 9 value for the imidazole 


proton on carbon 2 of the histidine residue in position 6 
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HISTIDINE RESIDUE 


Ob angrotensinel! | 1L03i.2 g/mole), was. obtainedsas were 18S) 


ANGIOTENSIN II Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 


values for the imidazole protons of carbon 2 of the 


histidine residues in positions 6 and 9 of angiotensin I 


ANGIOTENSIN I Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 


(1416.6 %9/mole)< The imidazole protons on carbon 2 of 
histidine residues were used to evaluate Ty relaxation 
times for angiotensin I and II because the other 
resonances were either phase modulated in the spin-echo 
spectra or buried beneath resonances which were phase 
modulated. Representative Ty relaxation times at several 
chemical shifts corresponding to broad peaks in the 
spectra were obtained for trypsin inhibitor [76] (~6,000 
g/mole), lysozyme [77] (~14,400 g/mole), bovine serum 


albumin (~65,000 g/mole) and hemoglobin (~68,000 
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g/mole). In the case of hemoglobin, a solution of 
hemolyzed red blood cells was used since the majority of 
the signal at short ty delay times was due to hemoglobin 
resonances and little was due to the other, generally 
smaller molecules, in the erythrocytes. The term 


"representative 15" describes the composite nature of the 
relaxation times measured at a particular chemical shift 
for the high molecular weight proteins due to overlapping 
of the numerous broad resonances at each chemical shift. 
To illustrate the overlapping nature of the resonances in 
such spectra, the single-pulse spectrum for lysozyme is 
presented in Figure 47. The sharp resonances at 1.91 and 
1.24 ppm belong to acetate present as an impurity and t- 
butanol added as a chemical shift reference, 

respectively. Plots of normalized intensity versus T5 
delay time for the various resonances evaluated for the 
compounds discussed above are shown in Figures 48 to 53. 
The measured T> relaxation times for these compounds are 
presented in Table 10. The relatively large amount of 
Scatter ins many Of the curves in Figures SO °to 53° for the 
representative T>, values is due to the composite nature of 
the intensity measured at each chemical shift. Most of 
the resonances are undergoing phase modulation which leads 
to non-exponential changes in intensity with varying T9 


delay times. 
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For hemoglobin, T, values were measured for both 
histidine and non-histidine portions of the spectrum. The 
results indicate that for histidine protons the T5 
relaxation times were appreciably longer than the non- 
histidine proton relaxation times, reflecting the somewhat 
greater mobility of the imidazole protons of the amino 
acid histidine [14]. Generally, the measured T5 
relaxation times were observed to follow a trend to 
shorter values as the molecular weight of the compounds 
increased. This is illustrated graphically in Figure 54 
where an average T5 value for each compound, based on the 
magnitude of those evaluated, is plotted against molecular 
weight for all the compounds studied. A linear least- 
Squares fit was conducted, excepting glycine from the 
calculation and ‘using an average I> tor hemoglobin 
imcorpObratang beth the histidine “and non=histidine f5 
values, to establish the position of the line in Figure 
5420 whee Correlation, coefricient. of close Cor —0.99 
indicates a reasonable degree of linearity for the inverse 
relationship between molecular weight and Ty relaxation 
time. 

Figure 55 shows the intensity versus Ty delay time 
behavior for several of the compounds studied plotted on 
the same coordinate system. From this plot, it is obvious 


that resonances from the larger protein molecules can be 
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eliminated while those of the smaller compounds are 
retained to a significant degree by using a t) delay of 
around "60 "milliseconds [15].— At this™delay time, the 
Signals from tetraglycine (curve 2) are still present. at 
approximately 70% of their initial intensity while only 
about 1.5% of the lysozyme signals (curve 5) remain in the 
spectrum. An even more dramatic example of using the 
spin-echo method to enhance the resonances of one compound 
OVER FaANOLher 2S provided by glycine (curve, 1) and 
hemoglobin (curve 6). In this case, around 95% of the 
glycine signal remains while the hemoglobin resonances 
have been virtually eliminated at a ty delay of 60 
milliseconds. In the spin-echo spectra of red blood 
cells, this is confirmed as glycine 1s observed at 3.54 
ppm when the hemoglobin resonances are eliminated [17]. 
Figure 56 presents the single-pulse spectrum and spin-echo 
spectra measured at 20, 60 and 100 milliseconds for a 
solution containing 2 mM of both tetraglycine and 
lysozyme. As the delay time is increased the lysozyme 
signals disappear much faster than those of tetraglycine. 
The spin-spin relaxation times measured in these 
experiments may not reflect the true T95 values, 
particularly for the glycine peptides which have 
relatively long Tj relaxation times, due to diffusion 
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could have been avoided by using the CPMG pulse sequence 
[13]. However, this was not done since the purpose of the 
experiments was to obtain values appropriate to the spin- 
echo technique, since this technique is generally used to 
obtain resolution enhancement on the basis of T> 
differences. The measured Ty relaxation times, although 
NOE Strictly accurate, are practical values ‘the 
differences between which can be used to afford resolution 


enhancement. 


Gs Monitoring of Small Molecules in Protein Solutions 


The existence of I> discrimination in the spin-echo 
experiment can be utilized to determine the presence of 
contaminant molecules in protein preparations. By uSing a 
T5 delay time of 60 milliseconds, resonances from the 
protein, which as shown in the previous section will have 
relatively short Tj relaxation times, will have 
disappeared from the NMR spectrum. Any remaining 
resonances must therefore belong to smaller molecules 
which are contaminants in the solution. If it is desired 
to remove the small molecules, the progress of cleanup 
procedures can be followed by monitoring the decrease in 
intensity of the contaminant peaks in the spin-echo 
spectrum. The results of such an experiment are described 


in this section for two proteins, a commercially obtained 
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sample of bovine serum albumin (BSA) and hemoglobin 
prepared from hemolyzed human erythrocytes. In both 
cases, the small molecules were removed by dialysis. In 
this procedure, a membrane of an appropriate molecular 
weight cutoff is chosen so that the contaminant molecules 
diffuse out of the protein solution into the surrounding 
medium while the protein itself, being unable to pass 
through the membrane, is retained inside the dialysis sac 
[oor 

The results of this cleanup procedure are shown in 
PLguULec mo. —lOe JatoOrethne dlialysismole the Bon wm Aw) .o-mMls 
portion of a 0.003 M solution of BSA in saline D50 was 
dialyzed using a membrane with a molecular weight cutoff 
of .6, 000 co 8,000 "daltons against 23° to) 29° me of saline 
DZO for 12 hours at 4°C following which a sample was 
withdrawn. The dialysis sac was then placed in fresh 
saline Dj,0 for a further 12 hours for a second dialysis 
after which another sample was withdrawn. This procedure 
was repeated for all subsequent dialyses. Figure 57A 
presents the single-pulse spectrum measured before any 
dialysis and consists of a broad envelope of resonances 
arising from the protein itself plus several relatively 
sharp signals. Two intense resonances are immediately 
obvious in the spectrum. That at 4.80 ppm is due to HDO 


while that at 3.73 ppm has been tentatively assigned to 
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solution Of 0.003 M bovine serum elbumin after 


successive dialyses against saline D,0. 
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the presence of polyglycine contaminants in the protein 
Owing to the chemical shift and singlet character of the 
resonance [78]. The smaller sharp peak at 5.88 ppm is an 
artifact in. the spectrum caused by the reflection of the 
resonance at 3.7/3) ppm about the carrier, which was. located 
at the HDO frequency. The presence of smaller contaminant 
molecules cannot be adequately determined from this 
spectrum. Figure 75B shows the single-pulse spectrum 
after five dialyses. Differences between the two spectra 
are very slight and other than the disappearance of two 
smalle peakseat 2.22 and: 1.93 ppm cannot be attributed £o 
the removal of small molecule contaminants. The fact that 
the peak at 3.73 ppm does not decrease indicates that its 
molecular weight is greater than 6,000 to 8,000 g/mole 
Since it does not dialyze away. This tends to support the 
assignment of the signal as being due to a long chain 
polyglycine contaminant. The spectra in Figure 58 are 
spin-echo spectra measured with a tj delay of 60 
milliseconds for the BSA solution before any dialysis and 
afttersone, two,, three, four andefive idialyses.)) Boch e the 
HDO peak at 4.80 ppm and the peak at 3.73 ppm assigned to 
high molecular weight polyglycine contaminants are blanked 
out due to their overwhelming intensity in the spectra. 
Resonances occurring at 5.88, 2.66, 1.58 and 0.51 ppm 


which are out-of-phase in the spectra are artifacts 
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introduced by interactions between the polyglycine 
resonance at 3.73 ppm and the carrier frequency at 4.80 
DPM ae eASewelt ithe peakSat 0707 pomeis an artifact 
introduced by the spectrometer. Several of the peaks in 
the spectra, specitically @those at 13.29 7e2e2 299.1193 Gand 
1.34 ppm, are observed to decrease and eventually 
disappear from the spectra with successive dialyses. Some 
peaks in the spectra do not decrease in intensity during 
Bhewaralyses,; notably thosesat S503), 2.00 "andal.l5>*ppm- 
These could be due either to the more mobile portions of 
the BSA having relatively long Ty relaxation times or to 
larger contaminant molecules not removed by the 

dialyses. Figure 59 presents spin-echo spectra of the 
external dialysis medium after each dialysis. Resonances 
ace rovservedwat 4012 93.5 tore soe, 2.44) 2.247 el OS Tl. 34 
and 1.20) ppm.” Some “of ‘these, those at 3273, 2.24,81293 
and 1.34 ppm, correspond to those observed in the BSA 
solution itself. All of the observed resonances disappear 
with successive dialyses except that at 3.73 ppm. 7 This 
peak is due to seepage of BSA solution into the external 
medium through the ends of the dialysis sac and 
corresponds to a tiny amount of polyglycine in the 
external dialysis liquid. The results of “this (cleanup 
procedure on the commercially obtained BSA indicate the 


removal of several small molecule contaminants as shown in 
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the spectra of the BSA solution or those of the dialysis 
liquid. The monitoring of the dialysis liquid would seem 
to indicate that all dialyzable molecules are removed 
atter four or five dialyses. 

The second demonstration of the monitoring of small 
molecules in a protein solution is afforded by the 
preparation of a hemoglobin solution from a sample of 
hemolyzed human erythrocytes. The hemolyzed cells were 
spun at 15,000 rpm for 45 minutes to remove all the cell 
debris from the hemolysate. The resulting solution 
contains almost 99% hemoglobin and only 1% other proteins 
and smaller molecules [79]. The small molecules were 
removed by a dialysis procedure similar to that employed 
for the BSA cleanup. The only differences were that 10 mL 
of hemolysate were dialyzed against 25 mL of saline D950. 
Figure 60A and B show the single-pulse spectra measured 
before any dialysis and after five dialyses. Disregarding 
minor differences in resolution any changes in the 
spectrum after five dialyses can hardly be attributed to 
the removal of the small molecules present in the red 
blood cells. Figure 61 shows a series of spin-echo 
spectra measured with a Tj delay of 60 milliseconds for 
successive dialyses of the hemolysate. The decrease in 
virtually all resonances with the exception of that at 


3.00 ppm with each dialysis indicates the removal of the 
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Single-pulse spectra 
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small molecules from the hemolysate. Figure 62 showing 
the spin-echo spectra measured on the dialysis liquids of 
each dialysis also indicates the removal of the small 
motecules. The dialysis’ Liquid from ‘the fifth dialysic 
shows very little of anything present and represents the 
end of useful dialysis. Any further dialyses will serve 
no purpose aS no more small molecules are being removed. 
The dialyzed hemolysate after the fifth dialysis can be 
considered a solution of hemoglobin with a small amount of 
other protein impurities. 

The question of how much of a certain small molecule 
needs to be present before a detectable signal is noted in 
the spin-echo NMR spectrum has to be considered when 
evaluating the usefulness of this method of monitoring 
small molecule contaminants in protein preparations. 
Figure 63A shows a portion of the spin-echo spectrum of 
dialyzed red blood cells after five dialyses measured with 
a tg Of 60 milliseconds. A small residual resonance for 
glycine is found at 3.54 ppm. Figure 63B was measured 
under the same conditions but the concentration of glycine 
was increased by 0.1 mM. The increase in the 3.54 ppm 
resonance indicates a detection limit for glycine, based 
on 2.5 times the peak to peak noise, of roughly 0.03 mM. 
The detection limits for other compounds will be of a 


similar magnitude so that in general levels of less than 
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Pugure (62...) opinmn—-echo spectra (T5 = 0.06 second) of 
successive dialysis media against which a 
solution of hemolyzed red blood cells was 


dialyzed. 
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Figure 63. A portion of the spin-echo spectra (T, = 0.06 


second) of hemolyzed red blood cells (A) after 
5 dialyses against saline D.0 and (B) the same 
sample after the addition of glycine to raise 

the concentration by 0.1 mM.) “Theyqlycine rec— 


onance is located at 3.54 ppm. 
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0.1 mM should be detected for most small compounds. These 
detection limits can be improved by increasing the number 
of scans collected in generating a spin-echo spectrum. 

One further example of using the Ty discrimination 
afforded by the spin-echo experiment to follow processes 
occurring in solutions containing obscuring macromolecules 
involves the preparation of erythrocyte samples for NMR 
experiments. The procedure employed generally involves 
washing whole red blood cells several times with saline 
D50 to replace most of the H50 in the cells with D50. 
Figure 64 shows spin-echo spectra measured with a wey Cope 26h 0) 
milliseconds before any washing and after one to four 
washes with saline D590. The removal of glucose and 
lactate is also accomplished by this procedure. The 
replacement of Hj,0 by D90 can be followed by noting the 
decrease in intensity of the signal at 4.80 ppm. Inverted 
resonances for lactate at 4.09 and 1.26 ppm are noted in 
the spin-echo spectrum before any washing of the red blood 
cells. Upon washing with Dj0, this protonated lactate is 
washed out of the cells. In lactate which is subsequently 


produced by metabolism, carbon 2 is deuterated. This 


CH{CHCOO- CHACOCOO 
LACTATE OH OH 
Protonated Deuterated 


causes the signal at 4.09 ppm to Gisappear and that at 
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Figure 64. Spin-echo spectra (T, = 0.06 second) of intact 


erythrocytes after successive washings with 


twice the volume of saline D.0. 
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1.26 ppm to become positive since there is no longer any 
coupling to a proton on carbon 2. Further washing removes 
more lactate as evidenced by the decrease in the 1.26 ppm 
Signal. Intense resonances for glucose in the 
erythrocytes are difficult to seé in the spectra of Figure 
64 due to the large water peak in the initial spectra. 
This peak hides the resonance for the carbon 1 proton of 
boun the “a “and p conformers of ‘glucose slecated at @5.22 “and 


4.63 ppm, respectively. The other glucose resonances for 


0-GLUCOSE 


the carbon bonded protons are found in the region of 3.9 
tous.20 ppm. che carbon I proton resonances would be 
visible in the latter spectra of Figure 64 where the water 
peak is substantially reduced if the glucose had not. been 
washed out of the red blood cells. In Figure 64, a peak 
increased Im intensity at 3.76 ppm as the redycells were 
washed. This peak corresponds to the carbon bonded 
protons of the glycine residue of glutathione whose 
coupling to the adjacent NH was destroyed as the nitrogen 
became deuterated. The growth of this peak is thus a 


measure of the extent of deuteration of the glutathione. 
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Aside from slight resolution changes, most of the other 
peaks in the spin-echo spectrum are not observed to change 
in intensity with successive washes, indicating that the 
ConcentEations Of many of the, free aminowacids, short 
peptides and other small molecules in the cells are not 
detectably altered by these washings. This is probably 
due to the selective nature of the red cell membrane 
transporting some molecules across easily while impeding 
the passage of other molecules [80]. It was determined 
that three or four washes were necessary to deplete the 
red cells of glucose and remove most of the H5O and 


lactate. 
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CHAPTER V 


METHODS FOR OBTAINING QUANTITATIVE INFORMATION 


FROM SPIN-ECHO NMR SPECTRA 


Bes Introduction 


As shown in Chapter IV, it is possible to selectively 
observe resonances for small molecules in solutions 
containing macromolecules by taking advantage of their 
ditterent rates Of Spin-spin (T>) relaxation with the 
Spin-echo technique. However, the occurrence of 
differential spin-spin relaxation during the spin-echo 
experiment complicates the measurement of concentrations 
from resonance intensities. In the conventional single- 
pulse experiment, the relative concentrations of sample 
components can be determined by simply comparing the 
intensities of the resonances for the various sample 
components, taking into account the number of protons 
giving rise to each resonance. By knowing the 
concentration of one sample component, absolute 
concentrations can be determined for all the others. In 
spin-echo spectra, unless two compounds have the same 


spin-spin relaxation time, which must be experimentally 
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determined, the absolute concentration of one compound 
cannot be determined by a direct comparison of intensities 
alone, even if the concentration of the other compound is 
known. 

The obvious answer to this problem of quantitative 
measurement is to avoid the use of the spin-echo 
experiment. However, in many samples, particularly 
biGlogieal samples, this is not possible due to rthe 
obscuring of the resonances of interest by those of 
macromolecules present in the sample as described in 
Chapter IV. For instance, the single-pulse spectrum of 
intact human erythrocytes (Figure 8A) consists of a broad 
envelope due chiefly to the protons of hemoglobin while in 
the spin-echo spectrum of such a sample (Figure 8B) well 
resolved resonances for the smaller molecules in the cells 
are observed with very few hemoglobin resonances 
remaining. ibteshouldpin principle sbe gpossiub legto obtain 
the intracellular free molecule concentrations of these 
compounds in intact erythrocytes by NMR. Unlike other 
methods of obtaining these concentrations, NMR is 
noninvasive and nondestructive which offers obvious 
advantages for in vivo studies. 

Very little research has been reported on the 
measurement of absolute concentrations in complex 


biological systems using NMR. Early work by Shaw and 
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Elsken [81] based on low resolution, Single-pulse spectra 
employed area comparisons to measure the water content of 
materials. In the past decade, several high resolution, 
Single-pulse 31> NMR Studies, pioneered by Moon and 
Richards [82], have been carried out on biological systems 
including absolute concentration measurements of several 
phosphorous containing compounds in frog muscle [83]. No 
effort has yet been made in attempting to measure 
concentrations using ly Spin-echo NMR spectroscopy on such 
complex samples. 

In the next two chapters, the results of studies of 
various methods for obtaining quantitative information 
from resonances in spin-echo spectra are presented. Such 
measurement techniques for determining concentrations from 
Spin-echo NMR spectra must be based on procedures other 
than direct intensity comparisons because of the 
complicatcvons Of differential 15 relaxation. "One jsuch 
method to be investigated in Chapter VI involves the 
development of a titration procedure for measuring 
GConcentrations. This type of method is specific for a 
certain compound or group of compounds. More general 
techniques for measuring compounds in complex samples are 
described in this chapter. Two approaches are studied; 
(i) a standard addition method utilizing an internal 


Standard and (ii) the utilization of proportionality 
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constants to mathematically extrapolate the measured 
intensities to a tj delay time of zero where the relative 
intensities are proportional to relative concentrations as 
in single-pulse spectra. Both of these approaches allow 
the simultaneous quantitative determination of several 


compounds. 


B. epeceral DVGVt1Zaeren and Accurate Intensity Data 


Before discussing the methods for measuring signals 
in spin-echo NMR spectra some appreciation of the digital 
resolution of the spectrum as it affects the accuracy of 
peak intensity determinations, measured by either areas or 
heights, must be gained. Because the measurement of 
quantitative intensity data is sought, the signals must be 
adequately defined so that accurate peak shapes are 
obtained. This requires that the upper half of a 
resonance be defined by at least 4 or 5 memory addresses 
[84]. However, if the signals are overdefined a 
Significant increase in the times required for both 
acquisition and Fourier transformation of the FID results. 

Generally, with state-of-the-art NMR spectrometers, 
FIDs can be digitally collected in a variety of sizes 
ranging from 1K (1024) to 32K or more of data points. 
Uetsilyeribesare collected ing], 32; 47S 7 LO Ono Zh OL 


data points which give digital resolutions in the real 
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portion of the Fourier transformed Spectrum when using a 
spectral window of 4000 Hz of 7.812, 3.906, 1.953, 0.977, 
0.488 and 0.244 Hz/point, respectively. Spectra obtained 
on human erythrocytes have resonances with widths at half 
height, Wi/2, generally in the range of 4 to 8 Hz. These 
Spectra are collected without spinning of the sample and 
are multiplied by an exponential function which broadens 
theslines by about 1.Hz.. Most sof the resonances an a 
spectrum of red blood cells have approximately the same 
W1/2 although some differences are apparent for several of 
the peaks. W1/2 values vary somewhat from spectrum to 
Spectrum due to slight differences in shimming from sample 
to sample. In order to accurately digitize resonances 
with Wie values of around 4 Hz requires at least an 8K 
ELD ;ealthough thisr mays notr ber fully -adequate ine@some 
cases. For accurate peak representations in simpler 
solutions, such as the CDCl; solutions discussed later in 
this “chapter, where the Wi /2 values are generally around 2 
to 3°Hz;, an FID of at. least 16K im size ws required. 9A 
choice of 16K was made for all the FIDs collected for the 
quantitative studies of the next two chapters in order to 
satisfy the requirements for the accurate definition of 
resonances at all times. The use of 32K FIDsS was judged 
to be excessive in terms of the required data acquisition 


and Fourier transformation times as well as in terms of 
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the disk storage space that would be required to save such 
PEDS. 

To illustrate the effects of FID size on the accurate 
representation of peak shapes, a series of spectra were 
collected ony ay 0s5-mL sample oF D 0, which contained a 
Fesonance from traces of HDO; atva Variety of FID Sizes. 
ine resuies Of this study are presented im Pigure 65. The 
resonance shown has a W1/2 of about 5 Hz and was collected 
using a spectral window of 4000 Hz, as was employed in all 
subsequent quantitative work. The FIDs collected in 1 or 
2K of data points give exceedingly poor definition of the 
Signal. The 4K FID is not entirely free of inaccuracies 
e1ener., ihe G, 16 and 32K FIDS garejvistually 
indistinguishable. Since the Wi/2 of the resonance is 
about 5 Hz an 8K or greater FID will give an accurate peak 


shape while a 4K or less FID will not. 


Ge NMR Intensity Data 


AS a preliminary step to establish the quality of 
intensity data to be obtained from NMR spectra a 
calibration curve was prepared using dilutions of a 5.428 
mM GSH stock solution. Eight 25-mL volumetric flasks were 
prepared, each containing measured amounts of this GSH 
solution delivered by buret. A constant amount of a 1.19- 


mM dimethylamine hydrochloride (DMA*HC1) solution was 
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added to the GSH dilutions as an internal standard pLLOrT 
to making the GSH solutions up to the mark. Table 11 
presents details of the solutions prepared. Single-pulse 
FT NMR spectra were collected on each of these 

solutions. Figure 66 shows the spectrum obtained for the 
approximately 4 mM GSH solution with the DMA methyl 
resonance present at 2.66 ppm. The remainder of the 
resonances are due to GSH and are assigned to correspond 


to the diagram below. 


g6 g4 g5 g! 
| ORR may 
GLUTATHIONE ~O2CCHCH2CH2C— NHCHC—NHCH2COT 
NH.* | CH 
5 SMe: 


g3 SH 02 


The resonance for the g5 protons of GSH is further 
downfield near the HDO resonance around 4.8 ppm. 

The intensities, either peak areas or heights, of the 
GSH resonances were normalized against the DMA methyl 
resonance in order to make relative comparisons between 
the spectra of the solutions. The normalization procedure 
consisted of dividing the intensities of the GSH 
resonances by that of the DMA internal standard. The 
purpose of the operation was to account for any variations 
between spectra which would affect both the GSH and DMA 


resonances to the same extent. The major factor which was 
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Table 11 
Preparation of Solutions for Construction of an 


NMR: Calibration Curve 


Volume of (a) 


Flask # Stock Solvwtion [GsH] §)) [pMa] (Cc) 
1 Me TEMS) Si6 O77 On238 
2 1508 3.404 0.238 
| 13. 8 recs: Cees: 
4 lee 2.412 On238 
5 9.14 i. 984 OR238 
6 ee ia 1.457 02238 
i 4.52 0298 1 O38 
8 Peel O502 Oeeoo 


Milliliters of a) 5.428 mM GSH stock solution 
delivered by buret to 25 mL volumetric flasks. 
Final concentration after dilution in mM. 

AD. O0 moralaguot of also mM dime thy iam rine 
hydrochloride solution delivered by pipet to each 


flask. 
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Figure 66. A single-pulse spectrum of a D0 SCIELO 


containing 4 mM GSH and 2 mM dimethylamine 
(DMA). The DMA resonance is located at 2.66 
ppm. The other resonances, gl to g4 and 96, 
belong to GSH. The g5 resonance of CSH is 


further downfield near the HDO peak. 
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compensated was the difference in resolution of the 
Spectra due to slight shimming variations which caused 
changes in peak shapes. Such changes would affect peak 
heights much more than peak areas. 

Plots of both normalized peak areas and normalized 
peak heights versus the concentration of GSH were 
constructed from the data for each of the GSH 


resonances.» The plots for the gl resonance) of GSH (the 


methylene protons of the GSH glycine residue) are shown in 


Figure 67 as typical of the results obtained. The solid 


lines are from linear least-squares fits of the 


experimental data. The precision and accuracy of the data 


can be evaluated by a consideration of the standard 
deviations of the slopes and [GSH] intercepts from the 
least-squares fits. For the normalized peak height data 
in Figure 67, the slope of the regression line and its 
standard deviation is 0.306 + 0.005 mm7+ and the [GSH] 
intercept and its standard deviation is -0.035 + 0.044 
mM. The precision of the peak height measurements is 
fairly good based on the relative standard deviation of 
the slope of 1.8% while the accuracy of the measurements 
is acceptable since the calculated intercept on the [GSH] 
axis of zero falls within the small absolute standard 
deviation of the [GSH] intercept. The normalized peak 


area data shown in Figure 67 results in a slope for the 
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reqressvon line ‘or 0,271) 2 0,004 mm~ 1 and a [GSH] 
intercept of 0.035 + 0.033 mM. Again the precision and 
accuracy of the data is good based on a relative standard 
deviation for the slope of 1.4% and the small absolute 
Standard deviation range for the [GSH] intercept which is 
very close to zero. The two types of measurements (areas 
and heights) give essentially the same results. However, 
the difficulties that would be involved in measuring peak 
areas when the baseline is not flat make the measurement 
of peak heights preferable in such instances. As well, 
the measurement of peak heights is generally a much easier 


Operation even when the spectrum baseline is flat. 


D. The NMR Standard Addition Experiment 


The use of a standard addition procedure, whereby 
small volumes of a concentrated solution containing the 
compound orf compounds of interest are added To (a portion 
of sample and measurements made on the sample solution 
between additions, constitutes one of the most general 
techniques for the measurement of virtually any 
compound. The major limitations on its use are that there 
must be some parameter which varies linearly with the 
amount of compound present and the response obtained must 
be due only to the compound of interest with no 


contributions from other sample components [85]. These 
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limitations can, however, be overcome using a complex 
calculation procedure developed by Saxberg and Kowalski 
[86]. The principle behind the standard addition method 
is that any sample or method interferences which influence 
the; response of the) compound) of interest will, affect) the 
added? poEtione of compoundsinathe Sameamanner [Salle eln 
this way, any such matrix effects will be compensated for 
in the measurements allowing an accurate determination of 
the initial concentration of the compound in the sample. 
This is accomplished by performing a linear regression 
analysis on the response versus amount of compound added 
data. The negative intercept on the amount of compound 
added axis represents the amount of compound initially 
present in the sample. 

In NMR spectroscopy, the intensity of a resonance is 
related to the amount of a compound present. For spin- 
echo NMR spectra, the presence of differential Tp, 
relaxation can be considered as a matrix effect which acts 
differently on various compounds. However, differential 
Tz relaxation acts the same on the compound originally 
present and that added in a standard addition 
experiment. Thus the quantitative determination of 
compounds from resonance intensities in spin-echo spectra 
should be possible using the standard addition 


technique. As with any standard addition measurements, 
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the matrix effects must remain constant throughout the 
addition procedure [87]. In spin-echo NMR standard 
addition experiments, this means that the Tz relaxation 
times for resonances studied must remain essentially 
constant for a sample over the course of the procedure. 
The effects of a changing Tj relaxation time for a 
resonance over the course of the standard addition 
experiment are shown in Figure 68. In this figure, 
calculated lines are presented for a spin-echo NMR 
standard addition experiment where incremental additions 
of a compound are made to triple the initial concentration 
at the end of the experiment. Each addition increases the 
intensity by 25% of the Initial imtensity. A long 
relaxation delay between successive scans is assumed in 
these calculations to avoid any saturation effects caused 
by san incomplete return to equilibelum., “line Algrepresents 
the case for an invariant T, relaxation timeyover the 
course of the experiment. The linear least-squares line 
derived from the data has a perfect correlation 
coefficient of 1 and the intercept on the abscissa 
represents the true measure of the initial amount of 
compound present. Line B shows the results of a 20% 
decrease in ioe tromprhe beq inning tothe vendsor the 
experiment which occurs linearly over the course of the 


standard addition procedure. There is a fall off in the 
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experimental points due to the faster decay of the signal 
as Tp decreases. The linear least-squares fit of the data 
is not as good as for Line A having a correlation 
coetficient of only 0.9947, “The intercept on the abscissa 
is somewhat greater in magnitude than that of Line A 
resulting in an overestimation of the sample concentration 
by 59.7%. Line C shows the same type of behavior as Line 
B for the case where [> increases by 202 over the “course 
of the standard addition experiment. The linear least- 
squares fit of the calculated points gives a correlation 
coefficient of 0.9993 and an abscissa intercept which 
yields a 25.3% discrepancy in the amount of compound 
initially present. 

The use of an internal standard with the spin-echo 
NMR standard addition technique is needed to account for 
differences in resolution between the various spectra 
collected caused by shimming variations as discussed in 
the previous section. As well, an internal standard will 
account for other instrumental variations such as the 
receiver gain, the number of scans collected and the 
vertical scaling factors of the plotted spectra.) Mere 
importantly, it will also account for dilution effects 
caused by adding portions of a solution to the sample to 


increase concentrations. 
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Initially, NMR standard addition experiments were 
performed on a simple System to evaluate the performance 
Of tne wmethod. A CDC1l3 solution of diethylsuccinate was 


used for this purpose. The choice of this compound was 


fe) O 
u 
DIETHYLSUCCINATE CH3CH2CCH)CHyCCH2CH3 


made for the reason that it gives rise to well resolved 
Singlet, triplet and quartet proton resonances to be 
utilized to study the behavior of different multiplet 
types in the standard addition procedure. As well, the 
compound is readily soluble in chloroform, allowing ease 
of sample preparation. 

Standard addition experiments were carried out on 
0.5-mL samples of an approximately 4-mM solution of 
dvethyisuecinate ain CDG’. with ~approximately 2omM eof g1,4— 
dioxane added as an internal standard. The addition 
SGlutlon was exactly ten times more Concentrated than, the 
sample solution, since the sample was prepared as a one to 
ten dilution of this solution, and contained no internal 
Standard.) bhis preparation procedure eliminated the wneed 
for careful standardization of solutions. The intercept 
on the volume added axis should be -50 uL for a 0.5 mL 
sample. The standard addition experiments were performed 


by making 10-uL additions to the sample in an NMR tube 
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following which the tube was shaken for approximately one 
minute and an NMR spectrum measured. DDeCELA were 
recorded, for 0 to 70 wh of addition solution using both 
the single-pulse experiment and the spin-echo experiment 
in order to compare the two techniques. As well, the 
results were evaluated using both peak areas and peak 
heights for both pulse sequences. 

Figure 69 shows a single-pulse NMR specrum of 
diethylsuccinate in CDCl, with the resonance for 1,4- 
dioxane present at 3.75 ppm. Singlet, triplet and quartet 
resonances for diethylsuccinate protons are noted at 2.66, 
1.31 and 4.20 ppm, respectively. Also present in the 
figure is a single peak at 1.59 ppm due to traces of water 
in the solution. A singlet resonance at 7.30 ppm was also 
observed due to residual CHCl, Vin the solvent. 

In the standard addition experiments performed on 
samples of the diethylsuccinate solution, a wait of at 
least 5T, relaxation times (30 seconds) was used between 
successive scans to eliminate any saturation effects in 
the resulting spectra [7]. A standard addition plot sfor a 
typical experiment is shown in Figure 70. The results of 
all the standard addition experiments on diethylsuccinate 
are presented in Tables 12 to 14 for the singlet, triplet 
and quartet resonances of diethylsuccinate, 


respectively. The volume-added intercepts and standard 
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A single-pulse NMR spectrum of diethylsuc- 
cinate and 1,4-dioxane in CDCl. The res- 
onance at 3.75 ppm is due to 1,4-dioxane and 
that at 1.59 ppm to traces of water in the 
solution. The other resonances are due to 
diethylsuccinate and are identified in the 


text. 


200 


os ni ot és os a ab 
uae 


~ow | HIZOLE” Ve. Girce 2a Nees te ug-alon te & es 
-2epr Cie - Pye, rel beicewth-—, Sn @fenes . 

iin @eult-t, 2 on Ie Sh, Ee Ee 1 qneaah — i 
a> pt bhhewm *: tpacsy Pr _Aae oe,! re pelt 7 
ne seh: 3h wasn es (ange: ae sapien —_ 


etd G4 Gall siih! wih tae 
i oe 


a 


202 


“Tr OG ST 
qdes1zaqulI-x peqetnotes sy, “*ApTeatqoaedsea1r ‘aqQeuToOONsTAYyAetp jo SadueucSeT AaTbuts pue 4aqzeNnb 
‘JatTdtaq ayq 03 puodsazIOD D OF Y SeUTJ *e1R300dS aS{[Nd-esTbuts uo SjZUsUaINsSesU eaze 10j 91e uMmoYUs 
sqInsar sus 


*auexOTp-p‘T OF paztTewzOU are YOTYM AOZ SadueUOSSA |aYyA ‘aqeUTOONSTAYAaeTp jo 


uoTyNToOS fra B@ UO pezONpuod AusuTisdxe uoTRZIppe prepueqs TedtdAA e& Jo SzINSat By JO SjROT 
(1%) NOITLNIOS NOITLIGOW QYYONHLS 40 JWNIOA 
08 09 : Oh 0e 0 0c- Oh- 09- 


ALISNJLNI OIFZIIWRYON 


“OL eanbtg 


=»: 
HOuver TEES. 


ot 


ne D [a {| 
ah aa 3 GS 8 » hie or- wae 
(imi SUIRIGeE HeETTiine aAAeRAT, TO FnesRy 
weltetse p16 & a bet ian fret syae Poly fis Beanese MegdkGys, © So et hicews 978 to egett oF ntoght 
Le} eexeanse?: «44 -7)0GivouyAIaAID 3c 


ae. a SuaFoth-6,) af taaiiiaser oon Gis 


eteiqght efi oS teosweeito: Su 4 gare) J euldoij»y wei po-vi pale nis EAAiaste6ed &° te put wes rife 
ie oet MHly.286 Bed —Javesey 


= sqnatceat=X Sataivcies sft . ¥§ieelJse4e7"! » & Jar) anaes YU Sata bt wae 
jg te* ee 


AZ 


“In QG- St 3deoszequT pejoedxq *SUOTReTASp paepueqS seynjosqe zy; Jn UT 


tt +8 6V— Vee ee €°VS— Ly Os oC OV 3°0 > T° oVr= obersay 

too i £6r— CG 16) SS— Ve0ee te 8a V0 4°95 37— G 

€ 0 -e0 1S- Oe + 0 SG— G 0 = 6° 61= 62 Ds 10.6o7— v 

Volos Sr UD ee a8 Si v0) + Or ey 3 Ll FO 0S— € 

et = 8" 0S= GuG 4 S  CS— © OO 0S = Co GeO 28.7 — Cc 

Oi 0° 6 TV 68 1S = SPO eee og See OV L 
squptoey seoly sqyubteH seoly atTdues 

oyog—utds esTNd-e[bHuts 


(e) Sueutaedxg UOTITPPpY PAPPURAS UWN UT 


ezeutTooOnsTAyAetqd jo yeTHuts eyRz AoZy sydeoAsquy stxy sunjptoa 


ct PT9eL 


(e) 


m) 


$16. t B.it- 
6.5 2 Toth 


I 


ft. 2 8,9 


Ju fe 


—_—— aS 2 
- a S 
: . J 


a a ; : : >. 
i49iG Yo Jelyni od7 252 stgeoIeInT stxh & 
2) sramh10ge3 no!IIbOA Beebns22) MM od 


an 
— > 


sciuS-selpeia 
gieglel 

a.Q t +. @8- 

£,0 2.0,0e- 

b.0 290. 22- i 
Be Pets * ols Be ef? O.eh—_ e 
£.%) > Gte- bi & P.tP- 4.08 ¢ AlM= ¢ 
b.& @% Eset- tok £46 0G fot &- 2g @t= mpe+ava 


af sqeouesal pabdeond 2a>i+esve) BoaAPrede o¢fatnpade:® Ou WF (é] 


203 


“In QG- ST ydeozeQqUT peyoedxy 


*SUOTRETASP pAepueAS aeyNnToSsqe F Jn UT 


Sie So Gi GG, ae :014SS'= Ve lees, VA = Ca COT eberoay 

GG. ei LS ONE rals Opera Gi Gal a. USE — BieeG, 4 0 Gv = S 

Pe 2 ot Om Grae ee OS Ga00 a 9557 — (GOERS SR fh v 

OC. IOS — Gooey 4 9 79> Owl 4 9e Gus Ge Veo a 

Sei Vo fC Ver CoS GOR ae CaS te One a SC = Cc 

ei toa Tx sv= LC ae eee) Si CNet GraSv= Og ae OBS T 
sqyuOTeH SeoljAY SqZUDTOH Seoly > © a7 dues 

Ouogq—UuTdsS esTNd-eTbuts 


(e) Syucwlaedxa uOTJTPpyY PAepUeIS AWN UT 


S_AeuToonSsTAUIeTG@ gO JcoTGlaL ela 4203 Sade57o40T Sixy eunlon 


€T STAeL 


(®) 


er ae 
_ -_ vat 


7 : - ; = : 7 
irere So dotgint wit 201 eaqnoresnt abzn 
18) ponuniaenghe nuksibbA trabaas2 Raw a! 


wel wi=-efgr) 2 
ar es¢rior 7 : 


fie € t0e- S12 8.2e Gr © ae 


+ 
Eee f.8 © bs82- ee ee ee & 
‘Se 5 B.8t- 2,2 t &,t2- Bk 2 ate a) = ¥ah- e 
Seat er ee 7 ene eo mt + 4 ee ' 
a €.% 9 ¥.22- sf # Oota- Pi « aes 6.6 ' 0, Fie a 
- Col -8 @,#8+ *,@ 2 Gs2#- er 7.5 ¢ Butbh= opeteva 
; 
de @f- of SysoTesi!) Gutsege 8 «aL SbA vet) GS aDCeIe sibfueto + Jw AE fal 
; 
7 


204 


“In QOG- St JdedAequT peyoedxq -*suoTjJetTAep paepuejSs ayntosqe ei hieu Ty 


aCe Caer — 9° 7 8 9 °EG— Cas Oe St= 0a Vaeoy— eberaay 
f° 1 + .9r= 9°C + S°6F- ee Lae ee Coley) oY S 
80 + 8e0S= IC SC AeG= LOGE 6  Ly— Con, Stor CeO — v 
G6 F 0° 97=- 9. C19 — CCe ara OF Gy — TC + 8 6t- € 
GOs oy — Gal 4.0 wS— ee ean 9 0 — OF le CROP (G 
oo las 08s = SC 3 £10 SG= cr la Sey = S°*l = S°6t- E 

Se ease oe Pa samen 9 aie 0 Scene 

oyog-utds esTnq-eTbuts 


(e) SyueuTiredxg UOTATPpyY PAePUeAS YAWN UT 


ajZeutoonstAuyea 


Td JO 3094eNO 9YyQ AOZ SqQdeoaequT stxy ountoa 


VI ST9eL 


(2 )) 


= oa 
SP el . 


,* _ 


— VO PN 
jgdteit Jo deta sta 30% efqvozeIer oFKk wrutey 
(Pl esnenisegud nvlothba baebpare Rew al 


rs org ~n tgz gain t-signis 
aeowe ajsdpien atiets 


— ad 


a eT on @.% 2 T.82- | Ed 2 W.be- é.4 & Bieee i 
- 7 os ; a on e 
- tf @ b.bt- t.f & E.oe a.4 26; 
ete | 
2,6 © G,at- £44 2 Ch2- £.0. 2%. ¢.48- bX 4, B82 t 
-— 6,0 * ©.86- ¢.$ FE Suke- = ¢.0 2 €.c% c.5 2 tf » | 
7 - - 
_ Gui 2 hee o.t 2 2.8¢- i.) 2 Eft L.i = bch? hy 
-_ 
a 2 oe Th ee Eis 690. €e- to © 6.@e- pases 
ju fe @l tzresieta! Swtosqe pegit¢elveb baniinet> eonieets * GS wi tel 
7 
a 


205 


deviations as obtained from linear least-squares fits of 
the experimental data are presented for each resonance for 
both the single-pulse and the spin-echo techniques using 
both peak areas and heights to determine if any 
differences between measurement modes exist. The results 
indicate no significant differences between the three 
multiplet types studied. All three gave a volume-added 
intercept generally within +10% of the expected -50 uL. 
In many cases, the intercept was much closer. Generally, 
the spin-echo standard addition experiments gave a 
Slightly greater volume-added intercept than the single- 
pulse results. The standard deviations for the volume- 
added intercepts obtained for normalized peak height data 
were usually somewhat lower than those for normalized peak 
area data. Several of the intercepts which were extremely 
far from -50 uL were noted to have quite high standard 
deviations. The large standard deviations of these 
results can be used to indicate their inaccurate nature. 
The overall average of all the volume-added intercepts is 
-49.5 wL, which is quite close to the theoretical -50 uL 
indicating no biasesin the results. 

In order to determine af ‘there are changes in) the iy 
or 15 relaxation times stor thes singlet, (tei pletsang 
quartet resonances of diethylsuccinate and for the 1,4- 


dioxane resonance during the course of the standard 
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addition experiments, the 1, and T5 relaxation times were 
measured for two samples both before and after the 
Standard addition procedure. These measurements are shown 
in Table 15. No great changes were noted in any of the 
relaxation times after the standard addition 
experiments. Moderate variations were observed for 
several of the relaxation times but they were only a few 
percent) of the values concerned.= Since the Ty) eelaxation 
times appeared to be relatively constant over the course 
of the standard addition experiments, the use of a shorter 
relaxation delay between successive scans than ST; values 
was investigated [7]. The reason for this was that a 
eoustant 1) for ay resonance Over the course yor the 
Standard addition procedure would eliminate the need to 
wait for equilibrium to be reestablished since the 
resonances will relax to the same extent between scans 
whieh will affect the intensities of a resonance to the 
same relative degree in successive spectra. The use of 
waits as short as 2T, values (10 seconds) were found to 
give as good results in terms of the volume added 
intercepts as the longer waits with considerable savings 
pig) demeukele 

Having established that the NMR standard addition 
method of determining concentrations works well enough to 


give reasonably reliable answers, use will be made of it 
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to determine the concentrations of some of the free 
intracellular components of human erythrocytes. As 
Brindle and coworkers [88] noted, the Signals from the 
Same compound inside and outside cells are not necessarily 
equal in relative intensity. This necessitates the use of 
hemolyzed cells in standard addition experiments. This 1s 
to ensure that the extra intensity derived from amounts 
added is comparable to that already present in the sample 
Since there will no longer be any difference in the 
environment of the two portions of a compound. 

As Figure 71 illustrates, well resolved resonances 
from several compounds are observed in ly spin-echo NMR 
Spectra of hemolyzed red blood cells. Some of those which 
are fairly intense and have been previously assigned 
[l6, 1/7] have “been utilized in, this work.” }ihey include 
resonances from glutathione (GSH), glycine, ergothioneine, 
creatine, alanine and valine, the chemical shifts of which 
are shown in Figure 7l. 

An addition solution was prepared as described in 
Chapter II for adding to 0.5-mL samples of hemolysate to 
WhLCNo ds iL Of a o0 mM t-butanol solution were added as an 
internal standard. The addition solution was added in 10- 
ioednecrements until 50) to 70 Mu were sadded es inorder ito 
evaluate the precision of the concentration values 


determined in erythrocyte samples using the standard 
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A spin-echo NMR spectrum obtained with a T5 
delay of 0.06 second on a sample of hemolyzed 
erythrocytes. Several resonances used to de- 
termine the concentrations of some of the com- 


pounds in the sample by a standard addition 


procedure are labelled in the spectrum. 
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addition technique, several replicates were performed on 
Samples from one donor obtained and analyzed on the same 
date. The concentrations determined from these 
experiments are shown in Table 16. No correction for the 
portion of the 0.5-mL volume of hemolyzed erythrocytes 
which was due to external wash solution was applied to the 
Standard addition results on erythrocyte samples [89]. As 
well as evaluating the precision of the NMR standard 
addition procedure, an attempt was made to examine the 
reproducibility of the sample pretreatment procedure 
descurbed in Chapter If by working Up portions of thre 
blood sample separately. The results show a fair amount 
of scatter for the measured concentration levels of the 
compounds studied due to the NMR standard addition 
procedure. The precision among replicates of the same 
workup was only fair with a range of values of up to 125% 
from the average of the three replicates performed. No 
evaluation of the variations between different workups was 
conducted due to the lack -o£ (precision Of the “replicates. 
It should be pointed out that the concentration level's 
measured for valine were extremely low and that the 
results showed a large relative standard deviation due to 
the small S/N ratio of the valine resonances (see Figure 
FJiyee Because Of Ehis, the valine results should only be 


used as estimates of the concentration levels in 


erythrocyte samples. 
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Next, the standard addition technique was used to 
determine the concentration levels of several 
intracellular, small molecules in human erythrocyte 
samples from a variety of donors. The results of these 
experiments are shown in Table 17. More than one value 
listed under a compound for a donor indicates results 
obtained on different dates. The range of concentration 
values between donors and among the values obtained for a 
Single donor on different occasions were approximately the 
same. Whether these variations are meaningful cannot be 
accurately determined due to the lack of precision in the 
NMR Standard addition technique. Only large variations in 
the levels of these compounds could reliably be identified 
using this technique. The average levels determined in 
the standard addition experiments on hemolyzed human 
erythrocytes agree quite well with those quoted in the 
literature [79,90] “for several of the compounds studied. 
Differences can be attributed to the natural variability 
of the levels of these compounds coupled with the small 
number of donors studied in this work. The results for 
alanine and valine were found to be somewhat low, probably 
due to washing out of some of these compounds during the 
erythrocyte pretreatment procedure. 

In order to determine if compounds are washing out of 


the red cells during the sample pretreatment, standard 
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addition experiments were carried out on 0.5-mL portions 
of a sample of intact erythrocytes from Donor I taken 
after two, three and four washes with saline D50 and 
hemolyzed prior to adding the internal standard. These 
results are shown’ in Table 18. No Significant losses of 
any of the compounds studied are evident from the data 
although losses may have occurred during the first wash. 
This data confirms in quantitative terms the qualitative 
results observed in Chapter IV. 

The possibility of changes in T, and Ty relaxation 
times over the course of the standard addition experiments 
on hemolyzed red blood cells was investigated because such 
changes could give rise to erroneous concentration 
determinations. The results of Tj and T> determinations 
on two samples of hemolyzed erythrocytes both before and 
after the standard addition procedure are presented in 
Tabae 9. Ty determinations in red cell samples were made 
by using the inversion-recovery-spin-echo sequence [6] 
rather than just the inversion-recovery sequence [7]. 
binking the inversion-recovery sequence to the spin-echo 
sequence allows T, relaxation times to be measured for the 
small molecules in red cells, without the interference of 
hemoglobin resonances which would otherwise prevent the 


determination of ae) values. The results of the T, and T9 
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measurements before and after the standard addition 
procedure indicate no significant changes in relaxation 


times during the standard addition experiments. 


E. Propont tora Uuty Constants in Concentration 
Determinations by NMR 


Another means of determining the concentrations of 
intracellular compounds in samples of human erythrocytes 
that has been investigated in this work is the 
mathematical extrapolation of resonance intensities 
measured in the spin-echo NMR experiment at a certain To 
delay time back to their intensities at a 19 delay of 
zero. At this point, there has been no differential T5 
relaxation and the relative intensities of resonances are 
DEOpOrtional bo. the number of nucle Giving erise, to them 
as in the single-pulse NMR experiment. 

Theoretically, this means measuring the intensity of 
@ particular resonance as a function of time in order to 
determine the Ty relaxation time as described in Chapter 
IV. From a knowledge of the Tj value, the initial 
intensity at a ty) delay of zero, Ig, can be calculated 
from the intensity measured at a certain tj delay time, 


re in the spin-echo experiment by: 
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This is a cumbersome procedure to apply to each sample, 
requiring the acquisition of a whole series of spin-echo 
Spectra at various tj delay times in order to measure T 
Values. In fact, the T>) celaxation lime storwa particular 
resonance in samples of red blood cells from different 
donors is found to remain fairly constant from donor to 
donor. Table 20 presents the results of T, determinations 
On intact red blood cells for several donors for a variety 
of compounds. The average relative standard deviation of 
the measured T. values is about #7%. This reasonably 
small average variation in the Tz relaxation time of a 
particular resonance between donors allows the use of an 
average Ty value for each of the resonances studied to 
calculate a proportionality constant at a certain ty delay 


time: 


K = @(219/719) (28)) 
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This reduces the number of spectra that are required to 
determine Ig values to one collected at the t 5 value for 
Which Keis' ‘calculated. “Por a 17 delay time of "0706 “second 
the value of K in intact cells, as evaluated from the 
average Ty relaxation times for the resonances in intact 
cells given in Table 20,"is 2.19" 2 0.06 Gor the methylene 
protons Of “the ‘Glycine residue’ of GSH, 1.244 "0.02 for the 
methylene protons of glycine, 1. 63°28 0709" for the methy! 
BEOLONS “Of ergothioneine, 1. 69>2" 02028 tor ethe mecnyl 
protons of creatine and 1.42 + 0.04 for the methyl protons 
of alanine. The values in Table 20 are for intact 
erythrocytes. The resonances for these compounds in 
hemolyzed erythrocytes generally have different Ty values 
and thus different proportionality constants would be 
evaluated. 

Initial intensity measurements obtained for 
resonances on the basis of peak areas, Tou? are 
immediately comparable in terms of relative 
concentrations, taking Into account ‘the number of protons, 


n, giving rise to each resonance: 


a 12) 


where Ip represents the comparable peak intensities. In 


spin-echo spectra of intact human erythrocytes, peak area 
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measurements are often more difficult to make than peak 
height measurements due to uncertainties in the baseline 
and the partial overlap of resonances. Peak height 
measurements on the other hand are very easy to obtain. 
However, for initial intensity measurements obtained as 
peak heights, La some consideration to peak widths must 
be given. The peak heights are only indicative of the 
relative amounts of compounds as long as the peak widths 
atmhali hnerght, Wives are all the same. The Wi /2 values 
for the resonances studied are not all the same. They 
average 7.8 + 0.8 Hz for the methylene protons of the GSH 
glycine fresidue, “4.99270. 8 da tor the methylene protons of 
glycine, 6.0" =)'0.6 Hz for the methy Y protons” of 
ergotimmoneine, G.2 0.0. HzerLOr «tne: methyl» Protons Or 
Greatine and 6.5 2 0.8 4sHz, fom the: methyl protons tor 
alanine. In order to compare the initial peak heights 
exenapolated from’ spin-echo spectra of Intact cells, tthe 
values must be made relative to each other. This can be 
accomplished by multiplying the initial “intensity value ‘by 
the Wj /2 value for each resonance studied and dividing 


thie result by ‘the number of protens™giving) “ise *omeach 


resonances 


I, Sf ee (26) 
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At this stage, the values of I, obtained|-for either 
peak areas or heights for the various resonances are 
indicative of the relative concentrations of the red blood 
cell components. To obtain absolute concentration levels 
for these compounds requires knowledge of the 
concentration of one or more of the compounds in the 
erythrocyte samples. The GSH concentration was found to 
be fairly uniform from donor to donor for healthy 
individuals from the standard addition experiments, 
averaging about 2.29 + 0.23 mM. By assigning the GSH 
concentration as 2.29 mM, concentration values can be 
determined for the other compounds. Results of this type 
are shown in Tables 21 and 22 for measurements made using 
peak areas and peak heights, respectively, for the 
resonances other than GSH studied in spin-echo spectra 
obtained with a tg delay time of 0.06 second. In general, 
the results agree reasonably well with the literature 
[79,90] and with the results obtained from the standard 
additron experiments. » [he creatinesleve lo given in fable 
21 using peak areas are probably somewhat high due to the 
partial overlap of the creatine resonance at 3.01 ppm with 
that of the GSH B-cysteine methylene protons. Other 
aifferences can, to a large degree, be accounted for in 
terms of the natural variability of the levels of the 


various compounds and the small number of donors studied. 
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Fs, 7 Dascussion 


The results presented in this chapter indicate that 
acceptable values for the concentrations of compounds in 
solution can be determined from the intensities of 
resonances in spin-echo spectra using several 
techniques. The use of a standard addition approach 
yields reasonable values for the volume added intercepts 
in CDCl3z solutions of diethylsuccinate as presented in 
tables 12 to 14. The measured 1, and 15> relaxation times 
were noted to remain fairly constant over the course of 
the experiments, as shown by the results in Table 15, 
which validates the use of the standard addition technique 
with the spin-echo NMR experiment. Both general 
techniques described here, the standard addition method 
and the use of extrapolation procedures involving 
proportionality constants, appear to give reasonable 
concentration levels for compounds in samples of human 
erythrocytes, although neither method gives extremely 
accurate results. In the case of the standard addition 
method, the technique seems to have a fairly large 
imprecision, the reasons for which are not clear. For the 
method involving proportionality constants, some tolerable 
uncertainties are introduced by the use of average T9 


values in calculating the proportionality constants. The 
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use of peak areas rather than peak heights gives results 
somewhat more in line with the literature when using 
proportionality constants as indicated by the results of 
Tables 2) and v225\ Both of the general =methods for 
measuring concentrations in erythrocytes would seem to be 
prone, to errors due to overlapping resonances from other 
compounds. In the case of the creatine results using 
proportionality constants with area measurements, some 
contributions from GSH are certain but there may well be 
unknown contributions to the other resonances studied from 
minor erythrocyte components. 

The method of choice would seem to be the use of 
proportionality constants usSing area measurements in cases 
where the 1T> relaxation times are known since there is 
less experimental effort involved than with the standard 
addition method and the technique can be applied to intact 
6p hemolyzed cells. This 1s in contrast to the standard 
addition procedure which necessitates the hemolysis of the 
red blood cells. However, in cases where the Ty values 
are unknown or vary from sample to sample, that is the NMR 
matrix effects are uncertain, the standard addition 


approach may be simpler and thus preferred. 
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CHAPTER Vi 


DETERMINATION OF GLUTATHIONE IN ERYTHROCYTES BY 


TITRATION WITH t-BUTYLHYDROPEROXIDE 


A. Introduction 


As has been shown in previous chapters, numerous 
small molecules in intact and hemolyzed erythrocytes can 
be observed selectively by ly spin-echo FT NMR. However, 
because of differential spin-spin relaxation and phase 
modulation effects, it is difficult to obtain. quantitative 
information from resonance intensities. In Chapter V, 
generalized quantitative procedures based on standard 
addition titrations and the use of proportionality 
constants were developed. In this chapter, the use of a 
titration based on a selective reaction with the compound 
Of Vintérest In the erythrocyte 1S studied. Such titration 
procedures are commonly used in analytical chemistry to 
measure the amount of a compound present in a sample, 
however, they have been less widely used with biological 
samples as complex as cellular systems due to the 
ditficulty. in following the progress of the titration. ) Lt 


is shown in this chapter that advantage can be taken of 
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the high degree of selectivity possible with the ly Spin 
echo NMR technique to solve this problem. 

There are several general criteria which any 
titration procedure must satisfy. First, the titration 
reaction must be selective and complete for the compound 
of interest. The titrant must not react with other sample 
components, which may pose considerable problems in a 
complex biological sample containing an extremely varied 
number of compounds. Second, the reaction must proceed 
fairly rapidly to completion after each increment of 
titrant is added. Third, there must be a systematic 
change in some property which can be monitored to allow 
the progress of the titration to be followed and the end 
point of the titration to be located. The changes which 
might occur in an NMR spectrum due to the titration 
reaction are a change in either chemical shift or in 
intensity of a resonance. One further criterion which is 
unique to NMR and is necessary when changes in peak 
intensities are involved is that spin-spin relaxation 
times for the monitored resonances remain essentially 
Gonstant throughout the titration procedure co thar 
changes in peak intensities during the course of the 
titration are due only to reaction with the titrant and 


not to changing spin-spin relaxation times. 
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A titration procedure for the determination of 
glutathione (GSH) is described in this chapter to 
illustrate the determination of a specific compound in 
human erythrocytes by combining a highly selective 
reaction with the selectivity of the ly spin-echo 
experiment. The titration procedure is based on the 
enzyme-—Catalyzed reaction of GSH with ‘organic 
hydroperoxides. 

Glutathione (y-L-glutamyl-L—cysteinyigiycine) is a 
tripeptide of glutamic acid, cysteine and glycine found 


extensively in cellular systems. 


Y-Glu | Cys | Gly 
GLUTATHIONE TERT dare Wise ey 
¢ CH 
NH3 ein 
SH 


Its role in the red blood cell is to activate enzymes and 
protect hemoglobin from oxidation by keeping the 
sulfhydryl groups of the proteins reduced [33]. It 
protects the cells from oxidative damage by reacting with 
free radicals and peroxides present in the cells [91]. In 
red blood cells, about 99% of the free glutathione is 
normally found in the reduced form EO 2k 

Although the reaction of GSH with peroxides proceeds 


spontaneously in the red cell, it is accelerated by the 
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selenium-containing [93] enzyme glutathione peroxidase 
(GSH-Px)) [91 )\Giscovered by’ Millis in 1957 [94]. This 
enzyme has a high specificity for GSH [95] and will 
destroy a variety of organic hydroperoxides which may be 
preduced by cellular processes at rates similar to that 
for the destruction of H,0 5 by GSH-Px [96]. 

The overall reaction involves the conversion of the 
hydroperoxide to its corresponding alcohol and water with 
the acconpanying Oxidation Of “GSH €o the disulfide form, 
GooG. 

DCsHe eROOH Se! = accen rend + HO (27) 
The proposed three step mechanism for GSH-Px action takes 
into account the similar reaction rates of different 
hydroperoxides [977,951. Ther first Step us” the oxidation 
Of the enzyme by the hydroperoxide substrate and the 
release of the alcohol and water molecules. The next step 
involves two successive additions of GSH to the enzyme. 
The final step is the release of GSSG from the enzyme 
Veaving at “in the reduced” form. 

In viable cellular systems, glutathione is maintained 
in the reduced form by the action of the enzyme 


glutathione reductase (GSH-Rd) [99]. 
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The reaction involves the reduction of GSSG by NADPH. 


+ -_ 
GSSG + NADPH + H SSNS eae = NADP~ (28) 


NADH can also take part in this reaction but is less 
effective than NADPH. The NADP* is reduced by the action 
of glucose-6'-phosphate dehydrogenase (Glu-6'-PDH) on 
glucose-—G phosphate *(Glu-6"—P) to form (6— 
phosphogluconolactone (6=P=Glu)r, “Glu-6'—-e isin turn 
produced from glucose by the action of the enzyme 
hexokinase. 

The enzyme catalyzed reaction of GSH with 
hydroperoxides readily fulfills the general criteria for 
titration reactions outlined above. The reaction in a 
cellular system is very selective and rapid. The 
splitting of the methylene protons adjacent to the 


sulthvyeryl group (92) “ls areterent. in the NMRespectra or 
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the two forms of glutathione, changing from the AB portion 
of one ABX spin system in GSH (top spectrum in Figure 72) 
to the AB part of another ABX spin system in the oxidized 
form, GSSG (bottom spectrum in Figure 72). The chemical 
shifts of the AB portion of the ABX spin system of GSSG 
are somewhat different from the chemical shifts of the AB 
portion of the ABX spin system of GSH. Since exchange of 
glutathione between its reduced and oxidized forms is slow 
on the NMR time scale, discrete resonances are observed 
for both of the forms. The reduction in intensity of the 
cysteine 8-CHy resonances of GSH can therefore be followed 
in successive NMR spectra as the titration proceeds. 

There are several possible sources of error in any 
titration procedure for determining GSH involving 
peroxides as titrant. One potential source of error is 
that caused by catalase, another enzyme present in 
cellular systems, which also reduces Hj09 at about the 
same rate as GSH-Px [100]. Fortunately, however, catalase 
does not reduce organic hydroperoxides to any appreciable 
extent. The air oxidation of GSH to form the disulfide is 
another source of error which must be minimized. As well, 
the reduction of GSSG produced in the titration back to 


GSH by the action of GSH-Rd must be prevented. 
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Prourers/2 360 MHz single-pulse ‘spectrum of GSH (top) 


and GSSG (bottom). 


B. The NMR Titration Procedure 


The NMR titration procedure developed in this work 
makes use of the reaction of t-butylhydroperoxide (t-BHP) 


with GSH to form GSSG, The reaction is catalyzed by 


GSH-Px 
: ~ pee ee 
2GSH + (CH, ),COOH GSSG + (CH,),COH + H,O (29) 


The use of an organic hydroperoxide as titrant ensures 
that catalase activity will be negligible and the reaction 
will proceed entirely via the GSH-Px pathway. Reduction 
of the GSSG produced during the titration process was 
minimized by washing the red blood cells several times 
with saline D590 to remove glucose which fuels the 
reduction process. As discussed later, this is 
unnecessary if hemolyzed cells are titrated because the 
metabolism of glucose is prevented when the cells are 
hemolyzed. 

The titration procedure employed involved the 
sequential addition of 5-vL increments of a standardized 
0.014 M t-BHP titrant to samples of intact or hemolyzed 
red blood cells directly in an NMR tube. Each increment 
of titrant was added using a 10-uL syringe. For hemolyzed 
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tube with a l-mL syringe. In the case of whole cells, 
0.35 mL of cells and 0.15 mL of saline D0 were generally 
used to make up a 0.5-mL initial titration volume. The 
reason for this dilution of the whole cells was to 
decrease the viscosity of the packed cells by suspending 
them in a small volume of liquid. This facilitated the 
rapid mixing of the added increments of t-BHP titrant by 
reasonably vigorous shaking of the NMR tube for 
approximately one minute. 

Before any t-BHP was added and after each 5-uL 
addition, a spin-echo NMR spectrum was collected using a 
to delay time.of 0.04 second. This value for 15 was 
chosen after some trial and error as giving the best 
signals for the cysteine methylene protons of GSH, the 
intensities of which were measured to monitor the course 
Gf. the titrations The reaction "between GSH and “C-=BHP 
produced GSSG which could be distinguished from GSH as 
shown in the spin-echo spectrum of Figure 73. The 
resonances for the cysteine methylene protons of both GSH 
and GSSG are indicated in the spectrum as well as the 
glycine resonance at 3.54 ppm, the ergothioneine resonance 
at 3.25 ppm and the creatine resonance at 3.01 ppm. There 
is extensive overlap of resonances for the two forms of 
glutathione in the region of 2.9 to 3.0 ppm. However, at 


a Tt) delay time of 0.04 second, resonances for GSH alone, 
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which were used to follow the progress of the titration, 
can be found at 2.88 and 2.91 ppm. At this t 9 delay 
value, resonances from GSSG at these chemical shifts are 
at a null in their phase modulation cycle. The GSH 
resonances are phase modulated as well resulting in that 
at 2.91 ppm being inverted and that at 2.88 ppm being 
positive in intensity at the To delay time of 0.04 second 
employed. As the titration proceeded, the two GSH peaks 
decreased in intensity due to the reaction of the GSH to 
LOrm GSSG as shown in Figure 74 for) the titration of a 
sample of hemolyzed red blood cells. 

the resonances for the cysteine p-Ch, protons of “GSH 
which were monitored in the titration decreased very 
linearly with increasing amounts Of titrant added tothe 
sample in a manner consistent with a direct relationship 
between the added titrant and the intensity of the 
resonances for the cysteine methylene protons of GSH. On 
the other hand, the resonances for glycine, ergothioneine 
and creatine identified in Figure 73 at 3.54, 3.25 and 
3.01 ppm, respectively, remained relatively constant and 
were not affected in a consistent manner by the addition 
Of elena. 

In order to add each increment of t-BHP in the 
titration procedure, it was necessary to remove the NMR 


tube from the spectrometer. When the sample was replaced 
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Figure 74. A series of spin-echo spectra (5 = 0.04 second) 


obtained as increments of a t-BHP solution were 
added to a sample of hemolyzed erythrocytes 

to titrate the GSH. The GSH resonances at 2.88 
and 2.91 ppm are observed to decrease with the 


additLvon Of t—BHeE. 
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in the spectrometer slight reshimming adjustments were 
necessary to restore the resolution to an adequate 

level. However, there may be slight differences in the 
resolution of the spectra collected with this procedure 
which will alter peak shapes in the spectra. Since peak 
heights were used to determine the amount of GSH present, 
a normalization procedure was employed using some other 
resonance in the spectrum which is not involved in the 
titration reaction. This resonance will be affected in 
the same way as the GSH resonances by changes in 
resolution. Such a normalization procedure will also 
account for minor dilution effects caused by the addition 
of titrant to the sample and compensate for such 
experimental variations as the number of scans collected, 
the receiver gain and the vertical scaling factor of the 
plotted spectrum. 

The resonance used as an internal standard to which 
the sum of the measured absolute intensities of the GSH 
resonances at 2.88 and 2.91 ppm was normalized was the 
ergothioneine signal at 3.25 ppm. In order to check the 
validity of Using this resonance as an) internal standard, 


the resonances from glycine (3.54 ppm) and creatine (3.01 


ppm) were also normalized to ergothioneine. The titration 


was followed by plotting the normalized GSH peak 


intensities on the ordinate axis against the volume of 


239 


Siew. Cthamsgue be 
elegpels «6 8 euiaul 

at? al eavervetdji sagtta ot 
asuhverdg elt Atte Gag 
ing) @Sal2 seg eee al 
vues #9 to fer ere enierie 26 O89 See ateyv 
como ame eb beet Or ehitag aclgaatt 
bh at Eqeioved Sr es aide ep higge ots nd. 

ai narnelte 60 (Lrey eoneadets 2677 .misJonet notsessiay: 


ot esgeate i eesnapcece MED acy ca Yow ERR eS 
ete tlie a2ibesong ai ens Lente 4 xev8 Vaotswic o" 
ay = g 
ogiaihnn eet? 9a ceedan eonette angiulse soal= ‘S? Jougss 


a 


! S 
cm 223 stentegare Gee eigaae ait 43 sre3sds 26 


ote. i-3 @xre@e Se wtih OS BA nan) deisev lesnenisa 


spi ; «* jae} gre Vaud lactic aay ana oye alap +e¥leoes. ay, 
mut ruage tesjolgs | 


0st Ct Ges se 5a rectni rs oe if are eonaenores eaT = 
‘9 7 


wit wl? (4 4e( SLanes«i ‘edAl dade Setscannm ets > anes 


a 
= 
ate Gevtu wo vehec al sarge Plas temas an iano issag - 


afte @ee tas: larsar say — ce ok. ne Lala BT 


,heagrasta lereedal as @6, GN EROSS) wise ‘Gases 3g, gad ea tey 
U.8) enisacr bra. (agg Ei, eve. acdvonguast:- 
iiseasis ait sn Lenni pamerelag wap afar 
r 
; 


=. coe 
5 

foot Mt baddest ll be RSS 

ic wice ots Secbace, whem ladles 2 

' 


240 


titrant added on the abscissa. The end point of the 
titration was determined as the intercept on the abscissa 
of the linear least-squares fit of the data, which 
corresponds to the disappearance of the resonances from 
the cysteine methylene protons of GSH. Typically, the end 
point was around 40 uL for the 0.014 M t-BHP titrant 
used. With 5-uL additions of titrant, this generally 
required about two hours for each titration. An example 
of a titration curve is shown in Figure 75 for the data 
obtained from the spectra in Figure 74. Also shown are 
the data for the normalized glycine and creatine 
resonances. The amount of GSH in the sample was 
determined as twice the amount of t-BHP titrant 
represented by the end point of the titration (see 
Equation 29). GSH concentration values reported were not 
adjusted to account for external fluid present in the 


samples of packed cells analyzed [89]. 


Ce Hemolyzed Red Blood Cells 


Spin-echo NMR spectra collected over the course of a 
typical NMR titration carried out on hemolyzed red blood 
cells (HRBC) have already been presented in Figure 74. 
Measurements made on these spectra resulted in the curves 
shown in Figure 75. There is a linear decrease in the 


intensity of the resonances for the cysteine B-CH2 protons 
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in Figure 74. The sum of the intensities of 
the GSH resonances at 2.80 and 2.9) ppm, nor— 
alized against the ergothioneine resonance at 
3425" Polly) VS PpLOcCi ed as tawiune C1 On Orn bee 
added. Also shown are the normalized glycine 


and creatine resonances at 3.54 and 3.01 ppm, 


respectively. 
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of GSH relative to that of ergothioneine which begins with 
the addition of the first increment of t-BHP (see Equation 
29) and continues with subsequent additions. This gives 
rise to the GSH titration curve shown im Figurem/5. 

The results of the titrations conducted on samples of 
HRBC from several donors are summarized in Table 23. The 
average GSH level in the donors studied was found to be 
2.80 mM with a standard deviation among the donors of 0.33 
mM. Variations in GSH levels were found not only among 
the donors but also between samples from the same donor 
obtained on different dates. It is interesting to note 
that Donor IX appeared to have a reasonably high GSH level 
as determined by this procedure. Blood from this donor 
was found to have a consistently high GSH level in other 
studies as well. 

The precision of the NMR titration technique was 
evaluated by conducting replicate titrations on the same 
sample of erythrocytes for several of the donors and was 
found to vary from 1 to 7% with an average precision of 
3.6%. The relative standard deviation of the end point as 
determined from linear least-squares evaluations on 
several of the titrations based on the scatter in the 


individual points of the titrations was found to be 2.9% 


on average. 
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Samples of HRBC were analyzed using the accepted 
clinical method of GSH determination employing DTNB to 
measure their GSH levels {327101102 taneorder tosevaluate 
the performance of the NMR titration procedure. These 
determinations were carried out on different portions of 
the same samples on which the NMR titrations were 
conducted. The DTNB analyses were conducted concurrently 
with the NMR titrations. Details of the experimental 
procedure used for the DTNB method are given in Chapter 
II. The results as shown in Table 23 were always 
considerably lower for the DTNB determinations as compared 
with the NMR titration results. Again variations between 
donors and among samples from the same donor obtained and 
analyzed on different occasions were apparent. 

Differences in the GSH levels determined by the DTNB 
method were also noted when the analysis was performed on 
both oxygenated and deoxygenated blood. Deoxygenation was 
achieved by bubbling a solution containing 0.1 or 0.2 mL 
of HRBC and enough H,0 to give a volume of 2 mL with 
nitrogen which had been passed through an oxygen 
scrubber. At the same time, the protein precipitating 
solution was bubbled with nitrogen. After bubbling for 
approximately 10 minutes, the two solutions were mixed and 
GSH determined by the DTNB procedure. Care was taken to 


keep the two solutions from contacting the atmosphere 


245 


> 


aye Vv. e 9 


besgeoon of? palev oenytane 9 2 ow ‘Dan ae a 


o2 GUTO ‘ont yo! qie RRA jon ya 
PAS 7 a _ 


uhevtaves of |6b10 al (ter, 104, i ot ot veD riod 
eeerntl seTuhoeascig aol fess ahd -“ wn b Ta) pane aA 


_/_ 
$0 anois16Qg tnevetT ib me 9H catres a7 ano} sagt 
a 


a 


syow anal sexsi AMM ots. tetaw ww asignss ene yAD 
a 
— a 
eljqwt? rom hes Too e1eu sesvlana ay". TU err  be2ouboc i. 
fainemineuxs eff te alinvet .enetSases 00a ps he 
rae? «af | ta Sortfer GUTD eS i16t Oseu 795° sete 
veules exee CL eieeaT of weenie 6 a3 [ues? est. 
ie; acd e bao! renee se? “ efi) ©) tewol oe ek 
wy ws - 
pe* @a a ; r @eane £7 7TuUee% oilzavels AKU ads Att 
; Ss — 
4 Benletdo 2 76nd wtds O42. 60%" ealemese Oi Sas ely & Sts. 
7 a a 
InP lepae tev srolessoa tne3e3tib mo SGosylaae 
. = 
eUTA. a2 Al faainisetet. clevel, Heo ett mi eeonete3 2G | 7 


am hewrotveq: cir ;eyseone ast noms cm JON ozise ne 
ée) polsecepyxced bool, Paedanapysosh bre bu sanwgune “dizer 
i> ©) tc 1b. O orien larsaae noisAvioe € gerd Logie yet - coe 


Jaye 
jit lw> te & Jo enutov « ov ice 7 Gch fywons in p at 


DEOYRO 4a AQYOTHS aaah aged thes on tf 7 


tAleestghown, RESTON ecJ wile pica wild FA amet 
a a oe 
= cables Bee wert eee Oras 
_ > a 


_ _ 7 
he vs és) sateen toad 
; -_ S| 
jwieve9 ..vauha 


until the protein precipitation step was accomplished. 

The values obtained for the deoxygenated blood (Table 23) 
were found to be closer to those determined in the NMR 
titration procedure than those obtained for the oxygenated 
blood. 

A sample of unwashed HRBC from Donor XI was titrated 
using the NMR method. The titration curve shown in Figure 
76 which resulted from this sample had an initial plateau 
region where no titration of the GSH was occurring 
followed by the usual linearly decreasing titration 
curve. The titration was assigned as beginning at the 
intercept of the linear least-squares fit of the plateau 
region with the linearly decreasing least-Squares fit of 
the rest of the data. The value for the GSH concentration 
obtained using this procedure agreed well with that 
obtained on a saline D»,0 washed sample of HRBC from Donor 


XI drawn at the same time as the unwashed sample. 


Dy Whole Red Blood Cells 


Spin-echo spectra collected over the course of a 
typical titration of intact human erythrocytes are shown 
in Figure 77. One distinct diiference between the 
titrations of saline Dj,0 washed whole cells and saline D920 
washed hemolysate which is evident in these spectra was 


the appearance of a plateau for the initial two or three 
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obtained as increments of t-BHP solution were 


added “to a sample Of Intact eLyenrocytes- 


(\nameue bi. 0 =f! & 47 agp! rena 
wig Welavlos THS-= “bs vsieminy 
Ree iveini' ts om 


points of the titrations (5 to 10 uL of t-BHP added) of 


whole red blood cells (WRBC) which was not observed in the 


titrations of washed HRBC. THiS WSs sist ratediain cue 


titration curve for the results ofsfigure, J/, which is 


depicted in Figure 78. This plateau was assumed to be due 


to NADPH and residual glucose which was not washed out of 
the whole cells causing the reduction of the initial 
amounts of GSSG formed in the titration reaction. 

The plateau tends to complicate the determination of 
the titration volume in samples of whole cells. The 
intersection of the linear least-squares line derived for 
the plateau region, during which the concentration of GSH 
was being held constant despite the addition of t-BHP 
titrant, with that for the linearly decreasing region, 
during which the GSH was being actively titrated, was 
taken as the start of the titration. The volume of 
titrant added from this point until the end point was 


reached, as signalled by the intercept on the volume axis 


of the linearly decreasing line, was used as the titration 


volume in determining the concentration of GSH in the 
sample. 

The results for the NMR titrations carried out to 
measure the GSH levels in WRBC for four donors are shown 
in Table 24. The GSH levels obtained were similar to 


those obtained for HRBC titrations with an average among 
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Table 24 


Glutathione Levels in Intact Erythrocytes 


Donor [GSH] ymp (mM) 
Average of Average for 
Single Values Replicates Donor 
I 2.15!) 
Zire Oui, 
2.18 Fae lee 
Zacd 2.40 
Pash) 
2.61 \ MATS) 
IX 3.36(D) -- 3.36 
Xx ZrO 
2 OU | 2.60 2.010 
2.65 
XI 


(a) 


(b) 


(c:) 


Replicates performed on a different blood sample than 
that used for the replicate study in Table 23. 

Sample obtained at the same time as the hemolyzed 
sample for Donor IX in Table 23. 

Determination carried out on 0.5 mL packed cells 


rather than 0.35 mL packed cells plus 0.15 mL saline 


D0. 
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the donors of 2.71 mM and a standard deviation of 0.45 

mM. The same types of variation among donors and between 
samples taken on different dates from the same donor were 
noted as before. Donor IX was again found to have a 
rather high level of GSH as in the HRBC results. Both the 
WRBC and HRBC samples from Donor IX were taken together on 
the same date. 

The precision among replicates of the same 
erythrocyte sample was found to be about 2 to 3% and the 
relative standard deviation of the end point for each 
titration based on the scatter in the individual points of 
the titrations was evaluated as 6.8% on average. The 
somewhat larger relative standard deviation for end point 
precision with WRBC was due to the smaller titre required 
since only 0.35 mL of WRBC were generally titrated 
compared with 0.5 mL of hemolysate. The average absolute 
precisions of the end points were found to be only 
slightly greater for whole cells, averaging about 1.7 wL 
Of stitrant 106 salle the stidt ratlone carried Out son boun 


hemolyzed and whole cells. 


Be Reaction of GSSG with Hemoglobin 


Thiol-disulfide exchange, as represented by Equations 


30 and 31, is a common reaction for disulfides. 
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Rode oR SSR me RoORe te kaoH (30) 


ROH teERSSRis 2 RSSRet RSH (315) 


Such alreaction involving therGssG producedmin ¢tihe 
titration reaction with other thiols in red blood cells 
would give high results for GSH if the reaction occurred 
on the time scale of the titration experiment. Hemoglobin 
(HbSH) is the other major thiol containing molecule in 
erythrocytes [104]. An experiment was conducted to 
determine if any disulfide exchange between GSSG and HbSH 
in the red cells was affecting the titration results. 

Such a reaction would release GSH which would have to be 
retitrated giving rise to a high bias in the titration 


results. 


HDSH + GSSG 2 HbDSSG + GSH (32) 


An approximately 5-mL sample of HRBC, which had been 
titrated with 45 ql of 0.14 M t=BHP Co (convert wall the Gs 
to GSSG, was dialyzed three times against 10 times this 
volume of saline Dj0 to remove all traces of GSSG and 
other small molecules. The dialysis was begun immediately 
after titration with t-BHP and each dialysis was allowed 


to proceed for 12 hours. Thus, some GSSG was in contact 
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with the hemoglobin of the HRBC sample for the initial 12 
hours. The resulting solution, which contained hemoglobin 
and small molecules associated with the hemoglobin, was 
observed to contain a trace of glycine, presumably releasd 
from the hemoglobin, in its spin-echo NMR spectrum 
measured with a ty delay time of 0.04 second (Figure 

79A). This glycine was most likely in equilibrium with 
that reversibly bound by the hemoglobin. No GSH or GSSG 
could begderected®= in the’ spectrum. A stetal of 30 Hy of a 
100 mM solution of dithioerythritol (DTE) was added to a 
O0,.5-mL sample of the dialyzed solution in 10-uL increments 
in order to release any glutathione bound as a mixed 


disulfide to hemoglobin. 


OH OH OH OH 


let | | 


SH-CH»CHCHCH)-SH + HbSSG + HbSS-CHjCHCHCH)-SH + GSH = (33) 


The presence of GSH was ascertained by the appearance of a 
resonance in the NMR spectrum at 3.76 ppm, corresponding 
to the methylene protons of the glycine residue of GSH 
(Figure 798). Nosfturther changes (were (obsernvedsin the 
resonance for the GSH glycine residue after 20 uL of DTE 
solution had been added. The GSH was presumably released 
from the hemoglobin by disulfide exchange with the added 


DTh as andicated in Equation 33.) A control sample of 0.5 
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360 MHz spin-echo NMR spectra ES 0.04 second) 
of a sample of hemolyzed erythrocytes which had 
been dialyzed to remove small molecules fol- 
lowing the titration of the ‘GSH with) t—-BHP. 

(A) is a portion of the spectrum showing a 
residual glycine resonance at 3.54 ppm. (By 1s 
the same sample after the addition of DTE to 
release GSH (3.76 ppm) bound to hemoglobin as 


a disulfide. 
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mL of untitrated HRBC, dialyzed in the same manner as the 
titrated sample and treated similarly with DTE, released 
only a trace of GSH. The amount of glutathione bound by 
the hemoglobin due to disulfide exchange with GSSG in the 
titrated sample was determined by the standard addition of 
microliter amounts of a 100 mM solution of GSH using the 
residual glycine resonance as an internal standard to be 
roughly 0.25 mM. 

An attempt was made to determine the rate at which 
the disulfide exchange between HbSH and GSSG occurs in 
order to evaluate its effects on the NMR titration 
results. 10 wL of a 50 mM GSSG solution was added to 0.5- 
mL samples of both dialyzed and nondialyzed HRBC. Spectra 
were measured immediately after addition and at one-hour 
intervals for seven hours thereafter. No detectable 
production of GSH could be determined in either case which 
would indicate that the HbSH-GSSG disulfide exchange 


occurs slowly over longer periods of time. 


Fo. Discussion 


The NMR procedure for measuring GSH levels in samples 
of red blood cells by titration with t-BHP appears to work 
quite well as judged by the results obtained. The overall 
average value for the GSH concentration in human 


erythrocytes, including both hemolyzed and whole cell 
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results, was determined to be 2.76 mM with a standard 
deviation of 0.35 mM among the donors studied using the 
NMR titration procedure. The precision among replicates 
performed on the same sample was generally very good, in 
the range of 2 to 5%. The literature values for normal 
GSH levels in human erythrocytes as quoted by Kosower and 
Kosower [105] are 2.21 + 0.10 mM for oxygenated blood and 
2.76 + 0.10 mM for blood containing deoxygenated 
hemoglobin. Other sources report the level of free GSH in 
normal red bicod cells as) 2.4752 0233) mM (0G. 1.925 
0.09 mM [107] and 2.24 £ 0.22 mM [108]. The results of 
the NMR titration procedure were significantly higher than 
ties. 92, toj2.47 iM reporced sfor  voxygenarcea bleodmce lis 
Dut agree well with the 2.76 mM) quoted for deoxygenated 
blood, 

Approximately 0.55 mM GSH is released into the biood 
cells from hemoglobin when it undergoes deoxygenation, 
presumably because of some conformational change [105]. 
This hemoglobin-bound GSH is a natural reserve which may 
be utilized by the cells in times of oxidative stress, 
when GSH is being oxidized in the cells, to maintain the 
normal level of GSH, In clinical’ methods job Go 
determination, including the DTNB method used in this 
work, the first step normally carried out is the lysis or 


the cells and the precipitation of the proteins, notably 
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hemoglobin, present in the hemolysate. Unless great care 
is taken to ensure deoxygenation, requiring the complete 
exclusion of oxygen, the hemoglobin will be in the 
oxygenated state and any GSH bound or otherwise associated 
with it will be precipitated along with the protein and 
lost from the analysis. This was supported by experiments 
on HRBC from several donors where up to an additional 0.36 
mM of GSH was detected by deoxygenating the blood prior to 
the protein precipitation step. The absence of any oxygen 
in the hemolysate cannot be assured by the deoxygenation 
procedure employed. The actual difference in GSH 
concentration between the oxygenated and deoxygenated 
hemolysate may be somewhat higher than that measured and 
more in) line» with the 0.55 mM. reported by Kosower®: and 
Kosower [105]. 

The NMR titration procedure appears to be measuring 
the total amount of GSH in the red blood cells and not 
jistwthat which =is free in solutions. eresumably ace the 
added t-BHP oxidizes the free GSH in the sample the 
hemoglobin releases some of its reserve of GSH which in 
turn is titrated until all the hemoglobin-associated GSH 
is BONE CIE This would indicate that the hemoglobin- 
associated GSH is not tightly bound as it behaves as if it 
is) quiterdabide.) = Other tevidencessupporting mths 


supposition was found in the experiments where DTE was 
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added to dialyzed HRBC to release any hemoglobin-bound 
GSH. Only a trace of GSH, which is known to exist 
naturally as HbSSG [109], was detected. The approximately 
0.55 mM hemoglobin-associated GSH had dialyzed away. 

[ihe potential problem of vai reoxidativon of GSH in 
blood samples appears to have been avoided. Air oxidation 
would be expected to be a particular problem in the case 
of HRBC since there is no GSH-Rd activity. However, the 
replicate GSH determinations conducted on a sample from 
Donor I (see Table 23) indicate essentially no changes 
with time. The fourth replicate titration was begun 
approximately 10) hours, after “the first titration and yet 
the GSH level found was the same for both. As well, the 
normalized GSH intensities for the initial spectra in all 
four of the replicate titrations are approximately the 
Same indicating no changes in the relative ratio of GSH to 
ergothioneine as would be expected if air oxidation of GSH 
was occurring. 

The variations in GSH level between donors and among 
the values obtained for one donor on different dates 
appear to be valid. The same trends were observed for 
both the DTNB results and the NMR titration results on 
portions analyzed from the same samples. The magnitude of 
the differences between donors and among samples from the 


same donor obtained at different times were far greater 


259 


jue cs erat, ; 7 
giescutscigee vat Hasonel eae s 
eae Cyesylash fant un boseh 

A besa 1 4epens we pga PE 
eocieuies via beriaun sect! qad oa ekbagie. = ae | 
seas on? a) malneng Geladdeveg 9) a Sy tectegae } BRE “ 
att ~uleetl fccvigoe $83RD.6R Bi rwrens sorte Tan 2o 
cord aineac 6 me hecepmans enottadinente® 2D etentiqes 
I0Vees on Yblebteonens orpaghal (84. eidat ose) I 2000 
Hinged wie nobel ee smetidges Asaph ane: somks ste: 

fuy bes ooidessis 508d? wie, waste esucd Of qlessmtxotgge 
wit cles af lites Tet ee wt? ome Gabe’, tevel G80 any 

[ eptoeqe (eltied gia wot amaSierasel nad healt enaon 


_— 


; — 
a2 Fa : 
M4 yPatsamivasqye 36 epolievads sjavi lyse ‘ert Jo auet es 
<4 1@9 40 octdiae ovleolos eke m6 aeg7brts on gnisesiint. amma 
“isebiro tle ') @$09nge0 97 Biuww @n entenointoyis 
nisseceo) aay 
aqes ttt eseeck Asuysed. tetad. Ga wh anelSeite® ett 
upeh (Ph e@lh4ih oo tonhh eo 169 Benceree weiiiaw, eff 7 
: 
i igwingtes «cow ateew eme@ eeT.chdlev wl oF Saegge. A 
40S uekY syleevecd ST ote Ane eS GRD edd gidod ot 
 tulinger at J qnae dee elt 43 Steylgte ennkszng 
7 ’ 
ro- Mo’! ewlqne ure. 620 epans® eee worsened thh ots a 
, =e O-4 
3WUhtg 343 o:e® weal) Jnese TNS Se tended: ) _ 
ae 
P ie 


than the precision of the measurements as evaluated from 
replicates performed on the same sample. Portions of the 
same sample from Donor IX analyzed by the NMR titration 
procedure gave the same result for both HRBC and WRBC 
indicating no difference in the GSH level of the 
hemolysate as compared to the whole cells. 

Phe practice of taking 10.35 min obewholLemcetls pilus 
OPsiS min ot saline, D5O0 Co’ make, up 0.5 min ani gthes NMRe tubes 
rather than simply using 0.5 mL of whole cells was based 
on the premise that better mixing of titrant would be 
achieved for the more viscous whole cell samples with the 
addition of some liquid to lower the viscosity. In 
practice, this was found to be unnecessary as adequate 
mixing of the titrant was achieved for 0.5 mL of whole 
eGilses usede insseveralerom sthesllattern titrations .mel nsitack, 
the precision of the titrations was improved by using more 
whole cells since the S/N ratio was enhanced in the 
spectra collected. 

The use of ergothioneine as an internal standard 
against. which: the wesonances fon wthes cysteine |B-CH> 
protons of GSH were normalized was judged satisfactory 
based on the stability of the normalized glycine and 
creatine peaks over the course of the Pibrat1 on. sun many 
cases, the normalized glycine and creatine resonances were 


noted to change in intensity in a somewhat systematic 
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fashion, however, the changes were much more gradual than 
for the cysteine B=CH> cesonances Of (GSH. ) Furthermone, 
these gradual changes could be either positive or negative 
in direction for different samples. The volume axis 
intercepts for linear least-squares fits of intensity 
versus volume of titrant added data sets for glycine and 
creatine were extremely variable and could not be 
interpreted as having any meaningful relationship to the 
amount of titrant added. 

The slight trends apparent in the normalized glycine 
and creatine peaks can be explained as minor changes in 
Chew l> telaxatwen times Ob gthe protons Ofveithemeticse 
compounds or ergothioneine. Such Tj changes would 
conceivably affect the resonances for the cysteine 
methylene protons of GSH as well, but the magnitude of 
these effects was small in comparison to the change due to 
the titration of the GSH. Based on the precision of the 
titration results obtained, such effects had a negligible 
influence on the end points. 

The initial plateau found for the first, two: or three 
points in the titration of whole cell samples was 
hypothesized as being due to the reduction of the titrated 
GSSG back to GSH through the action of GSH-Rd involving 
NADPH (Equation 28). Even though the red cells were 


washed several times with saline D20 to remove glucose, a 
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small residual amount was most certainly present as well 
as small quantities of Glu-6'-P and NADPH. Since the 
cells were still intact, their metabolism was still) “active 
and the reduction of GSSG to GSH proceeded until all the 
available NADPH that could be generated through the 
metabolic pathways shown above was consumed. The length 
of the plateau could be taken as a measure of the amount 
of t-BHP necessary to oxidize all the NADPH potential 
remaining in the cells. 

In the case of saline D,O washed HRBC titrations, no 
such plateau was observed. The process of hemolysis is 
known to disrupt the metabolism of glucose by red blood 
cells [(1ll0). Sir particular,. 1 > prevents the reduction vor 
NADP+ and NAD*t to NADPH and NADH. In addition, hemolysis 
leads to the destruction of both NADP* and NAD* by the 
enzyme NADase [111]. Actually, it is speculated that the 
destruction of NADPt may be caused by another similar 
enzyme NADPase rather than NADase. Thus, the only GSSG 
reducing potential which is available to HRBC is the small 
amount of NADPH and NADH present which generally amounts 


tov less than. 0.07 mM [112]. Because of this, it is 
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unnecessary to remove the glucose from red blood cell 
samples which are hemolyzed prior to analysis using the 
NMRe-Crthat lon procedure. "The titration results tor the 
analysis of HRBC samples would be expected to show that 
none of the GSSG formed on titration of the hemolysate 
will be reduced to GSH, causing an absence of the initial 
plateau seen for the whole cell titrations. 
Experimentally, a small plateau is actually observed in 
the titration of unwashed HRBC which is attributed to a 
small amount of residual GSSG reducing potential not 
destroyed by the hemolysis of the cells. 

The formation of a mixed disulfide of hemoglobin and 
glutathione through exchange with GSSG has the potential 
of causing high results for the measured levels of GSH in 
erythrocyte samples. “This vs due "to “the release of "GSH" in 
the exchange (Equation 32) which would have to be 
retierated with t-BHP 9 the appearance ol abou O25 nN or 
GSH released from hemoglobin upon addition of DTE to a 
dialyzed sample of titrated HRBC compared with only a 
trace of GSH released from an untitrated sample similarly 
dialyzed substantiates the existence of this disulfide 
exchange reaction. The 0.25 mM of GSH represents about 
10% of the total GSH present in the cells and as such 
could increase the measured concentration of GSH by this 


amount since for every molecule of HbSSG formed one 
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molecule of GSH is also produced. Evidence from 
experiments where GSSG was added to dialyzed and 
nondialyzed hemolysate and an increase in the GSH 
concentration sought failed to detect any rise over 
several hours. This would seem to indicate that the 
exchanges reaction as fairly? slow. and occurs only upon 
prolonged standing such as during the dialysis experiment 
in which it was detected. This would therefore suggest 
that over the time span of the NMR titration procedure, 
one to two hours, very little such exchange would take 
place resulting in a negligible raising of the GSH level 
measured with this technique. The experimental data for 
concentrations of GSH support this premise as the levels 
measured agree well with literature values for GSH in 
deoxygenated blood [105]. There exist several standard 
techniques for determining GSH concentrations in red cells 
im the: literatures (32,0007, 1024 113-1) 6 yessomer ote which are 
in widespread clinical use. The most commonly employed 
procedure is a colorimetric assay based on the formation 
Of a yellow anion of DINB (32,201,102) This ?work has 
utilized the DTNB method in establishing the validity of 
thea NMR titratsonsprocedunre.) | Dual omnot™ EOmDemarOoucdatiat 
the NMR procedure is competitive with such clinical 
methods. In fact, the expense of a high field NMR 


spectrometer compared with that of a spectrophotometer as 
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well as the increased analysis time and demanding 
experimental procedure required with the NMR technique 
make its routine use prohibitive. However, the NMR 
technique does provide significantly different information 
from that) of Athe clinical procedures, diving the total GSH 
concentration present in the cells both free and 
hemoglobin-bound as compared with the free GSH 
concentration generally determined by the DTNB 
procedure. One of the big advantages of the NMR technique 
for such determinations is that it is capable of providing 
this information in a noninvasive manner on intact cells. 
The main value of the present work is that it 
demonstrates for the first time the coupling of the 
noninvasive character of NMR and the selectivity of an 
enzymatic reaction for the determination of a compound 
naturally present in an intact cellular system. While 
this will never be a routine clinical procedure, it is the 
type Of techni que. whieh emight she suse fully im thesstudy jor 
intact cellular systems by NMR, an area of research which 
is becoming increasingly important. The application of 
techniques such as described here is limited only by the 
ingenuity of the investigator in finding and manipulating 
selective sreactilons in cells to gain insights (into 


cellular metabolism. 


qatbneeuh fine onty 

eupliniioas ‘Hina EY Addo 

fw ai? , revowdst. « 

oo igaAmmitas  sedavl iis ols aa 

1a tadur ot: ontvig \,eanttegnry fuginels rtd te taste. 
ene seg ¢out Caddy ois Ad! Saeaang sohian 


iS sel @Y Aste. bese ee bmn edo 
At. we ld berbe31sh Yip wy nolsesseeones 
avolntioad aM) of5 @G Sei) @ iets gid ats te aa -mruhesosy 


soy te ehfeiee. ag of Jeet? al emeteendenase® dovacgod 
elie: iam) ow suede aufewniver’« al. epigacroinal elds . 
) ‘6t ei it Jeonesy ‘StS 2a malay olan ety ; 


-? tae 


412 Gm QNIL Ques, Ott eweg SATS Od BAB assessenomeb |. 
ni 4p QilvsE tgelee. ta One. SNE 30. cescatano ov teavninon S 
pamgnrs © & .<~pdaplenaeseh wild 30) selspeet Siasmysne 
™ omafews Galobiblen tense? ap. al anaenrg ylletgzan 
vi 2) -eophe@owia Castalia gnavgvar «& @b asveo Uithe its | 

> yet): gig ol luGwet ay jfpé@ eile etpledtoad- 36 oa? 
(si d4 o8@6centT 49 4694 *e Tw @i epetgeys tolulieo aoatnt 
i PaLrenelaan Gis » MATIEGM yi geiseascat ortlengad 4 
“it a yleo hetinil a) ied Getloutets an dine” devplmines 
Chi Ae Tog Liem be GnqOilt Ad cheng hfewvel eit Ser ys lupepRe s 
22a atdpiant Whag ag wifes ab innit enews as 


Oe 


ele 


BIBLIOGRAPHY 


E.L. Hahn, Phys. Rev., 80, 580 (1950). 
BM. eurnce ls,) HOC... wlorney jand: Rav aeound ys Phys. 
Re Ven O97 ot ake O46 )e 


F. Bloch, W.W. Hansen and M. Packard, Phys. Rev., 


1697027 (1946), 


J.W. Cooley and J.W. Tukey, Math. Comput., 19, 297 
G19 65). 


BE. Bloch; W.W. Hansen and) M.» Packard, Phys. Rev., 


POVERA TANCIO4 6), 


D.L. Rabenstein, Anal. Chem., 50, 1265A (1978). 
Rela Vola, Uo. Watgn, MP. Kleine and > D.E. Phelps, 
J. Chem. Phys., 48, 3831 (1968). 


R. Lae Vold mR. hVOld@andsH. Ey. Simon, i.) Mag.ekhes.., 


pilbemeze 3a 1900) 


L.W. Reeves, in “Dynamic Nuclear Magnetic Resonance 
Spectroscopy", L.M. Jackman and F.A. Cotton, eds., 
Academic) Press, New, York, 1975, pr 8s. 

Hoy. ‘Garnre and BAM. Wurcell, Physi, Rev.9 94, 630 
GL954))F 

S.Meiboom and’ D2 Gill, Rev. Sci. Instrum. ,) 29, 688 


(HOS er 


266 


\Of¢i) 092 (OB ge : 
Last? (hued 9k Soe Gare? are ae! —— 
a a: ee, ns 
eT .-oAT (DSR eee ons (neatae We jedett G4 4t j 
‘SLPOPOE 185 (ee y 
fuyea? oar oie? heh) Gea’ Gelaod Wt. e 
420eLy 


wr .f « 


ad 
Oe 


oem ror? (pS ddes9 of fete Amen tl lytol@® 64 t=" 

jaded] ere (Ot 

ster s ACSEL Eo nae .fenh ,o1eranetas ela” .@ 

eho <2 Bed shel) SU. ad Es G hbo fen 3 
eel)” LESE LOS, vet smedd 4% 

o% scree he fh, re nave 3.8 ,hiev .2.8 .& 
chOtelp €8— wit 

A{asoheoR’ pisangas reelshy ofan” ei . eevee +P “@ 
20 ,padse3 A, tie qeedtueS 4,1 ))* petemnstdoegs: 
ig ,27@P (4e9Y wi comets saahesd 


| we 


. a ALLS , 9 SS? 2yni batt «La tra Pyi pl -¥, Of — 


: 
> eT RCE 

nie , Oe. , multe? »124) 1968 s oft hee wooties 8 -eht!. 
eh ZO) 


} 


—- 
a 


ere 


esis 


14. 


iS. 


Gr: 


Des 


Los 


Lo 


20% 


21, 


22% 


23. 


267 


D. Shaw, "Fourier Transform NMR Spectroscopy", 
Etsevier Scientific Publishing Company, Amsterdam, 
OTAGO e ano ceme On 

Re Freeman and H.D.W. Hill, in “Dynamic Nuclear 
Magnetic Resonance Spectroscopy”, .M.. Jackman? and 
FLA. Cotton, eds., Academic Press, New York, 1975, 
ees ly. 

ie Camppe isl. CoM. DODSOn pene r <a Wildl | aM SeranGmb. hr 
Wilont, §EBSe Lett... Om UloWo). 

D.E. Rabenstein and 1.1. Nakashima, Anal. Chem., 51, 
VA65SA 9 (19 793)" 

PoE. Brown, 1.D. Campbell, P.w. Kuchel and DJL. 
Rabenstein, FEBS Lett, 82, 02) (1977). 

D.L. Rabenstein and A. Isab, unpublished results. 

G. Bodenhausen, R. Freeman, R. Niedermeyer and D.L. 
Turner, J.” Mag.” Res., 26, L3Ss GOW 7.)F, 


Le Mules, Ac Kumar and) Ry k. sh rnst, 0. Mag~) Rese, 


enmes FLO 7) 


RR. Ernst,, J« Chem Phys.7" 45," 390459 (1966")" 

MeR.) Bendall, D.M. Doddrell and Dit. Pegg, J. Am. 
Chem. Soc., 103, 4603 (1981). 

D.W. Brown, T.T. Nakashima and D.L. Rabenstein, J. 
Mag. Res., 45, BOOZ "VIS iy) se 


R. Benesch and R.E. Benesch, Biochim. Biophys. Acta, 


Cy OS es th 


agseaisce je MAN 
“elvetesh .grieqind palde 


he ee eM ee non 
‘iin Gamlsat .!.d *\yelse=tse ge aiemioaam 6! danger 
ick 9) Wad (ett shinee ae AA 
ALL eg > 
ie fete wNMELSL 1G eee ee pene 26s URE 
te, ey ee ee 
~'¢ ,yotenty <low) ,amidencten 7°. 2 ine aPagenstet 2,0 wii 
: ~EOPeL) aaaer 
Tol jpn Dm ipel! (ee Peas A el a 
<PeTel) Sf ye ,e (tet AN ,ePesenadak 
wives oaiel dogpy «Gaal. A a ‘se oleserwuda@ 1.1.0 FE 
2.0 ow co4eeishw@l® 4 nemee7 7 4! yawecedaabon 6 28E" 
(Teel) CES . Roy eeF gee ch ees 
ean ope cterat (4p fee seeded .A SOETER WT) (URE 
OO £68 Ves 
~'82@1) Zese , 2b + Taajete wet % seam ya 0S 
a7 oh 4pope®..Tod bee iiesbbed, 4.0 ttabnee HH «i 
LL, BOM IRE 9 Se petit: 
sf ab@zenaie® 1.0 om ontemotal CT send M0, . 
i feels SOE apueegele 
COSA ingle iit stitial foment elieal marly 


24. 


PISS ps 


ENSIG 


hie 


Ze. 


229% 


30% 


Shee 


325 


33.6 


34, 


Shel 


268 


R.S. Reid, Ph.D. Thesis, University of Alberta, p. 
AZ ( 9819) . 

RE. Benesch and R. Benesch, J. Am. Chem. BOCs, Jit 
DOM aGl.9 55 i. 

G. Jung, E. Breitmaier and W. Voelter, Eur. J. 
Blochem., 24, 4398 (1972). 

NW. edie Yand (KG. sPinhey,. J.BloMachem.,. 84, 32) 
Co Oa)F, 

Ro DeayMatr fandsA.diyiGraupner,, Anal -chem., 36,) 194 
(159.6 4). 

CoD.) Wagner, RH. “Smile anGdek. Deaseeters, sind. Eng. 
Chem), Anal. Ed., 19, 976 (1947). 

Wel. Harncis, and iB. Wravrochvel, GAn introduction (oO 
Chemical Analysis", Saunders College Publishing, 
Philadelphia, 19817 .p., 261. 

R.G. Bates, "Determination of pH: Theory and 
Practice", 2nd edition, John Wiley and Sons, New 
VOLK Pleo epee OVO 

H.. Beutler,eO. Duron and iB.M. Kelly jo0.  LabaeClin: 
Med jacOli a S82 5k) O25)% 

HeS.G. Barron, Arch.) Biochem. Biophys.., 597 202 
(O'S a). 

JelieeDye rand ey ALaINIcely »aeegchem. Phduc 15140). 443 
(AD Tal? ise 


WabsiWentwortitjew.. Chem. Educ.,) 42, 960; 162 (1965), 


_*; 
a - 


te fz ee | } are 
a ane 


ist acd 4. oMGAD [ate 6 «content wn : 
ao ens 
PEE AE wont «Ble, saaaaahnanegnicbienrarel 

7 es 9 wh BGET) ~ 7 


ol .badt jasaded. off ae. neat Be eM 6D 
TOR WR EE OS . he. ose 
oJ eo li ap6o.Sn ac ,iavegpgest - few efaaell ..3.4, 
(enstee ics eyelice wedirtuns -*alayiesA Levsmed3: 
AAS gow REE eagebetsa a 
or yread? ty Te wolseriearel* ,46364 .dst «ft : 
Wo . abe haa ye lW Grae mob dibe OAS. *emkdoea <9 
s2TL gq ATL yAI0¥ — 
“iid fst oi sylied .M Tie gona .O ,3ehscel eB) SE 
-htate), ‘$88 ht bom <- 
Co? (82 \ ayegald \maieRgs -heeAnONEE SPAN KE 
— sbeeety ay 
Ebb) G0. 4, ..une” apeath au ead incre: 
_ an: 
s(eOul) £87 AO 4ehis Saeelanaitie) 


= 
7 - 


—_ 


56% 


Sie 


38. 


Bie 


40. 


41. 


42. 


43. 


44, 


45. 


46. 


47. 


Fev. Weigert,@M. Wautelatwand d.Des Roberts, Proc, 


Nat. Acad. Sci. USA, 60, 1152 (1968). 


JGR -mBlunt candad.B.~Stothers,sOrg.aMag. Res. , 9, 439 


(EL Oe7 7 is 

HerEQgerUranagsc. Djerassi, J.00rg.. Chem, 30, 3/398 
(Gl O73 re 

R.A. Dwek, "Nuclear Magnetic Resonance in 
Biochemistry: Applications to Enzyme Systems", 
CGlarendon, Presse, 2 Oxtord, 19)57) p.. 363. 

H.J. Reich, M. Jautelat, M.T. Messe, F.J. Weigert 
and J.D. Roberts, J. Am. Chem. Soc., 91, 7445 
C1969 ae 

L.F. Johnson, 10th Experimental NMR Conference, 
Patesburgn,, L960. 

deBeeiGnhuUtzZner,. ud. Chem.) Soc. Chem. sCOmmuin.) 64 
(GLOW 4 a 

E.W.) Hagaman, Org. Mag. Res., 8, 389 (1976). 


H.-J. Schneider and W. Freitag, J. Am. Chem. Soc., 


98, 478 (1976). 


MoR.. Bendald jeb.Me Moddrell and bot teegg,) Js. An. 
Ghem Soc., 103, 4603 (98st 

J.B. Stothers, "Carbon-13 NMR Spectroscopy”, 
Academic Press, New York, 1972, p. 311. 

CG. LeCocq and J.-H. Lallemand, J., Chem. Soc. Chem. 


Commun. 7 D0 (L9Sl). 


666 2 Sen sank vere 


RASC) GRE! y.rway «pry sh 


a a> eter), 
te aa case 
MBBS ENE, eayead wit eye tesanisota 
Ee Oe erat eer eaeyF MedneIs!D 
ssugivet «L.% Uses pet rtetvduel -M ,flotes .b.8 +08: 7 
ae be nnd ak ee 

; | (@0er) 
sinesstine Soy Dereeedsegae 96) yaomdet id Vib 

: (CL Adyprudeasia 
‘a ,.veme? .6) cet sma) s& ,teensuIO 64.L .Sh 
: etover) % 
(Fel) BYE 8 ..euh- ge gO pepe WW. LER 
008 onst va ot eget len® 6. fel aeblenive oh CBR 
fated) ate a 
kU yepat SUP nie hietbbet YO getendee cate Gee TF 
ae —_ 
s“yypueotjeqe Mit Cl-podeal" yeretsese 68.0 Oh 
114 ya G00 soe A dee Gtieybaday e 
mete ok: omOeT aT |, Caled ad me 


LAr, ave (yar 


48. 


49% 


a0. 


aes 


Dire 


oon 


54. 


Seer 


D0. 


OMe 


58. 


D9. 


60. 


pei. Patt and JN. Shoolery, J. Mag. Res.; 46,° 535 
(2932), 

Vee RuCar, we Mag. sRese, —40) mo oe ober. 

DAM. *Doddrell and’ D:T. Pegg, J. Am. Chem. Soc., 102, 
CSS oeKIIG Oy. 

DIP. Burum and @Kk.R. Ernst, J: Mag. Res., 397, 163 
(2.980))% 

M.R. Bendall, D.T.° Pegg and D.M. Doddrell, J. Mag. 
RSs, 457 0 oly), 

Gla. Morris ande Ra Preenan, 0. .AmM. Chem. SOC. 7 sO ly 
TO0e (19799). 

GA. Morris and Re = Freeman, J. Am. Chem.) Soc. 100, 
G7 O39 V 1978). 

MeHe Levitt and” Ro Freeman, d. Mag. Res., 39, 533 
C1960") % 

Wee. Aue and ReR.) Ernst, J.9 Mag. Res. , 31,8533 

297 3°)" 

R. Freeman, S.P. Kempsell and M.H. Levitt, J. Mag. 
Rese, 50; 5640 moi oO) 

Segue Opellamand L.Ay Cross, J. Mag. KES*,, 307 271 
(1980). 


Ee eMuller, A. Kumar and RaR. Ernst, J. Chem. Phys.y, 


63, 5490 (1975). 


P.H. Bolton, J. Mag. Res., 46, 343 (1982). 


270 


ZR hy 0M Cpe E-Pee 


SOE woos sme) tA At eget Tut 


/Lertiosd Md 08 
So) Stowe sete 
cot 2 «sven OoN (OC tae Hf Ene ev 0 ate. 
axooerp ee 

on st , i iesotet oML0 tim et PO ~idedret sam ASE 

(inet eh gh \28t 

LUD 0m sive aA yh (rtharew tl i Gem. elevdt vA 7te 
seevel) gam 


i 


OOF Lode sma sak 20 paempeed .F Une efeaoM VAL = 6de 

ever) tate 

Fee ,8t ,.eeR . cee. ,hebuge? -S Bae stival JW .2e 
-(O8e@rj 

rie Jf ..¢0% .oeh 1. “fee 1Rie fos ovA .S.W ae 
of atel) 

pam cy .aeived .4 Me-iig, Dleeqmel) 9.8 yntineest "> 4% 
(VOTED) TSR BE iy mee 

4h Sh sted ..get .L yeaow 1a? bre alfego .t,2 BE 


« vbbpery 
Lee pie 2a A Gee A pO LSee 
HNMR) OE 2b conte) aa Ae ome Bates a 
ep a 


’ 
7 


a 


(eyes 


Oz. 


63. 


64. 


65. 


G6r 
ine 


687. 


69). 


Tor. 


Te 


Mok. Bendall,) DD... Pegg, D.M.) Doddreli sand DIM. 
tThomas;ed. Mag. *Res., 46, 43° (1982). 

G. Bodenhausen, R. Freeman and G.A. Morris, J. Mag. 
Res. 7 23m Ie (1976): 

Reubreeman, G.A. Morris andyM.J .T.ekoObDInsoen, @. 
€nem. §Soc. Chem. Commun., 754°°(1976)- 

Goi Andrews, “isd. -Golquhnoun, BYR. sDoggetbe, W. 
McFarlane, B.E. Stacey and©M~R. Taylor, iJ. Chem. 
Soc. Chem. Commun., «69 9(1979). 

D.G. Gadian, “Nuclear Magnetic Resonance and Its 
Applications to Living Systems", Oxford University 
Press, eLondon, = L982 nap. li. 

Reference 39, p. 26. 

Reference 65, p. 110. 


AwsDantels; oR.J«PeewWilliams and P.&. Wright, Nature, 


ZO peo 2 UNGLOW Gir 


LeceuCraig, vines Laboratory sMantal sof wAnalytre 
Methods of Protein Chemistry Including 
Polypeptides", P. Alexander and R.J. Block, eds., 
Vol. 1, Pergamon Press, London, 1960, p. G3 


A. Loewenstein and J.D. Roberts, J. Am. Chem. Soc., 


82, 2705 (1960). 


E. Grunwald, A. Loewenstein and S. Meiboom, J. Chem. 


pihieey, le Grn (UlSby 5% 


ittne Mave a0. d age 
AEROT CR Be gi 


sa ane : 
«Gar 40 yalivpolt ~A.8 hag * 


aan 

& gntenlacs 6? l0s% ene inane enawewa® 4M 

(atery eT arrestee sp02 mento 

ad 724,900 .4.8 ,nundipie® ED _,evwiaeAr. TD 608 

eed 0. 16Lge? Sh te yeeese Sd. patel 1630 . 
,cereay 8 ,» pee .eec .008 

ut? ‘ae sohowumes! atvaiiuet tgeisue? qneinad 60.8 <68 
eJie@oviaD GEblsG "pet een priate o> esortaol i gaA 

fil a GML yoobaed ..ere3% 1) 

- .@ .@6 epasretes 133 

~Uf4.s@ «28 eoneieteR .Te: 

wri20" .4eyl2@ .2:9% lun ate shliv ts ,tisined, «A .89 - 
~OTeiy i8f (tas 

SLigietA Jo leurs yredaaedal 4" nb ygierd 22-5 .02 

willows yiteheart> utesieg4 Ie. ebodjent 

» 800 ,J°o)H .G.8 Une xenresetA. 29 , *anhiggqgegyict 

681 2g COPE ,Onbnrel ceeent oomeg at +f «fov 

30h s4mi>.Gn .t easel 0.0 fae niasemeuma), of 

at 90eLD a0TS: 


ang kE eewad a She sissananoed al ow 


a) 


ie 


Wi. 


74, 


(Oe 


Os 


Td. 


Thee 


Uke 


BiOKs 


81. 


82. 


83. 


Pl fees 


D. Chapman,  D.R. Lloyd and Ri. Prince, uv. Chem. 
DOC. S045 “CLIG3i)r 

A.L. Lehninger, "Biochemistry", Worth Publishers, 
Lace New eroOrk, 2972p. OU 

Dib. Rabenstein and T.-L. Sayer, Anal. Chem., 437, 
ae CLOW x) 

"Stability Constants of Metal—-Ion Complexes", L.G. 
Sillén and A.E. Martell, compilers, Alden Press, 
Oxon, soln Dee O04 soo, doo your 

Mee Kunitz vand JeH. Northrop, 0. Gen. Physiol.,. 197 
OO C12 6)". 


Kee Brew jel. CG. WVanamanrandsk.u, shill, 0. Biol. Chem, 


242, 31 47 (1967). 


Dele Rabenstein, A.A. Lsab- and’ DIW. Brown, J. Maq. 
Res., 41, 361 (1980). 

He Behrendt, “Chemistry of Erythrocytes: Clinical 
Aspects", Thomas Books, Springfield, 1957, p. 56. 
Reference 73, p. 210. 

T.M. Shaweand Ralis Elskenjeu~) Chem. Phys.,- 18) diis3 
(4:950))5 

Rope eMoon and) J.-H. Richards, sd-5 Biol. Chem, 2240, 
24) OE OB). 

M.J. Dawson, D.G. Gadian and D.R. Wilkie, J. 


Physvolwy 620/75 70319" 78) 


i og 
oé extol? -1cah ,xeYeR 


se pein ai 
Bre 9 revuiqn) mi-insenhi ge «(omsenes yshtteasat 7 ot 
-eaast aoblé (224) howe! (fea Ab Gad ohteia’ 
282 Sey phe NR) aq EOE Ybaoaee 
El, eng? staat err, at bea ssined on aat 
| vb aReLT RO 
jt ete © Wee hn nenmene 3.7 «werk > s% Ae 
-1PoO0) TOTE «obs 
ae ot ceveet MD Bee dget JAA .nbovenedeR) i007 
(0805) 186 80m be 
Paveiled » peayoerity@® ti wavelesdo” ,fheernis® of ot 
.0? of 9TE@) pPIePeniyah seek anewi?, Sarsegeh ~§6 6s 
MER ge ET goneteted .0e 
biid 2 q.eqe) 98> ot, Guedes - Me Beep Wenh me Te 
theese 
~Uk> Sauter ake te absense Pe ee a -&¢ 
Teter) grey 
, «WELW «826 Bae aaibad: «2d. (odbaved Sian 
COCeL) COP ghee, iclaye 


= 
= 


7] 


84. 


shonr 


86. 


lke 


chee 


S95. 


210% 


ony. 


oii. 


93% 


94. 


2D. 


DG 


PoTpS 


Mabe Martin, J.-J ebelpuech cand) Gal. iMartin, 
"Practical NMR Spectroscopy", Heyden and Sons, 

Pha tadetpiiira, (4.930 esp 304 5 

J.P. Branke and) R.A. ‘deZeeuw, Anal. Chem. , 50, 1374 
Gash yes) 

B.W.H. Saxberg and B.R. Kowalski, Anal. Chem., 51, 
TOBA WO 9" i 

Re Klein eand -C. Hach, Amer.) Lab. 97), 920 (lo7 7). 
KoM up rindle,. Eh e Brown, ie.) .aiCanp eels ase. 
Grathnwohl land P.W. Kuchel, Biochem. J., 1280, 37 
(97.9) 

Reference , o.8 2% 

I.N. Kugelmass, “Biochemistry of Blood in Health and 
Dicecasce,. Thomasmpooks,, speungireld, 19597 Dp. 57. 
A.A. Voetman, J.A. Loos and D. Roos, Blood, 55, 741 
CY98 0). 

SK aesrivastava pandas. Beutler, Anal. Biochem; 125, 
TO BUSES. 

J,le RotrUCK, Asm. eOpe, HE. Ganther,9A.B6 fowanson, 
D.G Hateman and WG. Hoekstra; mocience,, 9179," .568 
CLOTS) 

GlG Mills jd.) BiolveCheme, 2207 162 (LSS dels. 

GG Mislisi aJ,. BIOL meChem. 0523477505028 Gl959)7. 

Go little: and Pod. O'Brien,» Biochem. Biophys.) Res. 


Commun., 31, 145 (19 Goa, 


OS TAM. oI DS 

ane? bree vob gull, yg *yaGo. 

« Fak, 

EvE® . 92 y.e62 .fb8 aden tab 


ie eAnest 4% a 
ofbtek) ve 
» 99) wank yd tel ewoe (8 Gal Goatees . a. 8 
| eter) stot 
OTR eP 28) ha cotted sem. Anse. 2 Hoe wields. WM 8 4) 
Livieme® wiixt veergtl 440% <ahbate® .¥.9% 86. 
rE WEL ..0 -mefionlS lapse 0h Gee Adowitesd 7 
(evel) 
| Oh oy «0 Ganezelat .@6 
‘well ot bool@ 46, yweleetsefé” \amelegel 24 oe 


& 
le 


7 ,U®%l ,blesSeoniap? ,edted earntt ,"*sescasiG 

[et .€2 hei aa Ss, died Ait winies? A.A «ft! 4% » 
j fOBeL} 

‘Ss . tkviniehe . lend) wa Pteedl) . aims) evegesvis® «5.8 GEG 
<f @2@1 1. OF 

ioe a yates a eget «A (downs wT - 08 

Me 0) ,eoeroR .eitetedt 0. bee senetal D0 

= yp seerens 

~I"e8)) 0+ Ha: ,. medi’ «Tole gU \@ESI 59,0 

(C6011 20% Gis \ oma 08 \eekee 20 

CCH Le ytgolS amine .aeksete Ta® tre bail, a 


-CORRL) EBE: why oF 
— 


= 


Oa 


eho 


Ne 


LOOK 


One. 


102). 


103. 


104. 


LOIS S 


106. 


POT. 


eee iohe,. G. Loschen, ) W.A.-Gunzler, andul.. fichele, 
Hoppe; Seyler ™s 27. Physiol.,Chem.,. 353755987 (1972). 
L.#Flohe and W.A.-Gunzler ;~ in) “Glutathione”, L. 
BPlohe, H.G. Benohr, HsySies, H.D. Waller and A. 
Wendel, eds., Academic Press, New York, 1974, p. 
133, 

Powe Rall and A.U. Lenninger, J. Biol.) Chem. ,— 194, 
1 (1.91529) 


B. Chance, H. Sies) and, A.» Boveris, -Physiolog., Rev. , 


59, 527 (1979). 


G.L. Ellman, Arch. Biochem. Biophys., 82, 70 (1959). 
E. Beutler, "Red Cell Metabolism - A Manual of 
Biochemical Methods", 2nd edition, Grune and 
Sitmactonye News .Ore, L975, oper tle 

PoC. Jocelyn, “Biochemistry of theses) Group, 
Academic) Press, New York, 19727) o.n bc. 

Reference 103, p. 240. 

N.S. Kosower and E.M. Kosower, in "Glutathione: 
Metabolism and Function”, )1.M. Atias and) W.B. 
Jackoby, eds., Raven Press, "New York, ISI Sela 1 eeshs 
D.L. Rabenstein and R. Saetre, Clin. Chem., 24, 1140 
(1973), 

J.C. Bantord, DoH. Brown, A.A. McConnell, Cou. 
McNeil, W.E. Smith, R.A. Hazelton and R.D. Sturrock, 


Analy Sty lOve > sul oO2). 


274 


HRCGTie THR hak 5 
("eaeiihietgin® AL yA 
Ene dol lie®: Ate 
ig TET hee? eel eae 
os © 
er ee “=e Abas That ml 
S) 6 geben aad 
VOR .gotoisy .elsevee A hom eote db seonats 8 
| AC OTEL TR RE 
rebels. We ER, detante ore vita28 emia ode 
te iam A - aaklodesen ‘tae ban (ae u04 | A 
(mm onet? conte bet. "atedson Idolmsdoosa 
Ait og Ptel het wat ynorsaas® 
“quan He we a Gixedektoote” .ytvpoly\ 26% 
Jt? ieeay :A20¥ we avers. oleebacA . 
JOM 2g 4f0f somexetsn l00r 
rune fad." ab, etek Me Gee .t9wosok 2848 -f0t 
Ua bee Geta a> Snet tote bee weticdeleh ose 
“i «gL ey ee) .@ceed abwee ~.ebe yiouioel 

hts be , eat Lr araene A Ao nbesenmiet eed s. | BOE 
Hacer) _ 

ola t-y Dear ornt, Peed AMG «held Peete 62.0 ” 
(A7C7 tLe TF hee mask OSA ethene Sol ah ionel 
ae 


ian 


_ 


a 
be A 


. - Pi 


POS. 


109. 


FeA. EDbOEE, in “Clinical Chemistry: —sPrinciples and 
Techniques”, 2ndi edition, RiJ. Henry, D.C. Cannon 
and J.W. Winkelman, eds., Harper and Row, 
Hagersvown, 19747p. ols. 


TeHod. Huisman and A.M. Dozy, J. Lab.1Glin. Med. 


100) 302) (1262): 


J. Runnstrom and L. Michaelis, J Gen. Physiol. 13), 
aL Sy) s, 

Ged. Brewer, In “The Red Blood Gell™, 2nd edition; 
D.M. Surgenor, ed., Vol. 1, Academic Press, New 
VORKy sel 07 4 alee Om 

RB. Pennell, in. “The Red Blood Cell”, 2nd) edition, 
D.M. Surgenor, ecd., Vol. 1, Academic Press, New 
vAoeere AMEN Sey MLPA 

War Knox, in “Ihe Bnzymes, , P.D. Boyer, Ho.) Lardy 
and K. Mytback, eds., Vol. 2, Academic Press, New 
VOCK, - 9607) Dee. 

Le tack and M. Smith, Anal. Biochem, 3, 217 (1904). 
PP. Klein and By Robbins, W.. Cell Bi0l.,. 46,0165 

(197 0). 

M. Koivusalo and L. Uotila, Anal. Biochem., 59, 34 


(Rey 


Fae fs 


Peete phy 
ieee re - . Coe 
JOS IIS alle: Sy eu) oA ro e 


3 . 7 — 

Sh vinta ned ot extiiinis) aOae maiemeaman® 35, Tae 
.(eeeiy TER 

eoieite tnd .*t far honsetees ett” ne Pe 

208 meee) violet , 6 «fa de Romegaue A) 
PRS a SEER! ok 

Aeisiim Gal» ,"Lies aoels ben wnt gi véleene? .00 

ri’ ,sactt sgeekesd ft Lov G10 oawgser (60 

EE “yp sbf Ol yaar 

(vet .v seo .@ee! , tonigelll “a ab | aot .3.0 

wn ores okemebese |S har sobs hoa ayn 3 6ne 

o(®¥ sq .O08T , #07 

i éa0 |} "ES qf ,.meeoehe,, tend Meee Gee Qoer .2 
aut eh ., fete GiwrG maha -3 one nletn, (9 ern 
hailed 
be. j22 (anmoart Slane Q¢ aem ad ne Motel 


_ 


, 


aay 


‘ 
(his 
i 


oe 


